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ABSTRACT 

The  mechanism  of  the  initiation  step  in  the  thermal 
polymerization  of  styrene  was  investigated  to  decide  whether 
a  Diels-Alder  adduct  or  a  diradical  intermediate  is  involved 
as  the  binary  association  product  between  two  molecules  of 
styrene.  This  was  done  using  deuterium  kinetic  isotope 
technique.  Styrene-l-d,  styrene-2 , 2-d2  and  styrene-o ,o' -d2 
were  synthesized  along  with  normal  styrene  in  each  case. 

The  kinetics  of  thermal  and  AIBN  initiated  rates  of 
polymerizations  of  these  styrenes  were  measured  using 
the  dilatometric  method.  The  analysis  of  the  kinetic  data 
revealed  that  the  thermal  initiation  step  showed  a  deuterium 
kinetic  isotope  effect  of  l*4"7  ”  1.5,  1.28  -  1.41, 

and  2.05  -  2.09  for  the  styrene-l-d,  styrene-2 , 2-d2  and 
styrene-o ,o' -d2  systems  respectively.  It  was  concluded  that 
the  kinetic  isotope  effect  of  ^2H/k2D  =  2.05  -  2.09  in  the 
case  of  the  styrene-o ,o* -d2  system  was  a  primary  kinetic 
isotope  effect  and  that  this  could  arise  only  through  a 
reaction  of  the  Diels-Alder  adduct  with  a  molecule  of  styrene. 
The  kinetic  isotope  effects  observed  in  the  cases  of  styrene-1- 
d  and  styrene-2 , 2-d2  were  rationalized  as  secondary  kinetic 
isotope  effects.  trans -Styrene- 2 -d  was  prepared  and  was 
thermally  polymerized  at  70°.  The  recovered  deuterated  styrene 
did  not . contain  any  cis- styrene- 2 -d .  This  evidence  suggests 
that  the  diradical  intermediate  might  not  be  involved  in  the 
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the  1 , 4-diphenylbutadiyl  diradicals,  when  formed,  tend  to  cyclize 
rather  than  add  to  styrene  or  undergo  hydrogen  transfer 
reactions  with  styrene.  It  was  concluded  from  these  results 
that  a  diradical  intermediate  is  not  involved  in  the  initia¬ 
tion  step  of  the  thermal  polymerization  of  styrene. 

The  dimer  fraction  isolated  from  the  styrene 
polymerized  in  the  presence  of  potassium  t-butoxide  consisted 
mainly  of  1-pheny.ltetralin  (ca.  95%)  and  very  lit, tie  (ca. 

1%)  of  dipheny lcyclobutanes .  This  indicated  that  a  Diels- 
Alder  type  of  intermediate  is  formed  thermally  between  two 
molecules  of  styrene. 

The  results  are  consistent  with  the  mechanism  that 
in  the  initiation  step  of  the  thermal  polymerization  of 
styrene,  a  Diels-Alder  type  of  intermediate  is  the  binary 
association  product  formed  between  two  molecules  of  styrene 
and  the  adduct  reacts  with  the  third  molecule  of  styrene 
in  a  slow  step  to  give  two  monoradicals. 
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initiation  step  of  the  thermal  polymerization  of  styrene. 

cis-3 , 6-Diphenyl-3 ,4,5, 6-tetrahydropyridazine  (azo 
compound)  was  prepared  in  high  yield  and  purity,  as  a  source 
for  1 , 4-diphenylbutadiyl  diradical.  The  rate  of  decomposition 
of  the  azo  compound  was  found  to  be  =  5.6  x  10-^  sec-'*' 
at  79.5°;  =  1200  sec;  and  =  26.2  kcal./mole.  The  azo 

compound  was  decomposed  in  benzene-d^  and  the  products  were 
examined.  The  decomposition  products  consisted  of  styrene 
(60  mole  per  cent) ,  cis-1 , 2-diphenylcyclobutane  (28  mole 
per  cent)  and  trans-1 , 2-diphenylcyclobutane  (12  mole  per  cent). 

9 

1-Phenyltetralin  was  not  found  in  the  decomposition  products 
of  the  azo  compound  and  this  indicated  that  the  1 , 4-diphenyl¬ 
butadiyl  diradical  does  not  give  rise  to  a  Diels-Alder  adduct 
intermediate.  The  1 , 4-diphenylbutadiyl  diradicals  produced 
in  situ  by  the  decomposition  of  the  azo  compound  in  styrene 
failed  to  initiate  the  polymerization  of  styrene.  The  rate 
of  polymerization  of  styrene  in  the  presence  of  the  azo  compound 
was  only  ca.  1.2  times  that  of  the  thermal  rate,  whereas  the 
AIBN  initiated  rate  was  ca.  20  times  faster  than  the  thermal 
rate.  The  kinetic  chain  length  obtained  in  the  case  of  AIBN 
initiated  polymerization  was  ca .  525  per  radical  pair  produced, 
as  compared  to  ca.  1.5  per  diradical  produced  in  the  case  of 
the  azo  compound  initiated  polymerization  of  styrene.  The 
ratio  and  the  amounts  of  the  cis-  and  trans-1 , 2-diphenyl- 
cyclobutanes  formed  remained  unaltered  when  the  azo  compound 
was  decomposed  in  styrene  and  in  benzene.  This  indicated  that 
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INTRODUCTION 


Almost  all  of  the  compounds  containing  non- 
benzenoid  carbon-carbon  double  bonds  under  suitable 
conditions  undergo  polymerization  reactions  giving  rise 
to  high  molecular  weight  materials  known  as  ’polymers'. 
Reactions  of  these  types  have  been  known  for  a  long  time 
(1)  and,  in  fact,  -the  word  'polymerization'  was  first 
coined  by  Berthelot  (2)  in  1866  for  'these  reactions.  In 
early  times  the  study  of  these  polymers  was  neglected  as 
these  were  completely  different  from  the  normal  organic 
compounds.  They  could  not  be  characterized  easily  and  in 
most  cases  were  discarded  as  tars.  However,  in  recent 
years  this  situation  has  been  changed  completely  due  to 
the  pioneering  work  of  Staudinger  (3,4)  who  initiated 
studies  in  the  characterization  and  the  chemical  structure 
of  high  molecular  weight  substances. 

During  the  last  two  decades  the  chemistry  and 
technology  of  synthetic  polymers  have  undergone  major 
developments  which  have  been  greatly  stimulated  by  the 
realization  that  these  polymers  offer  a  wide  variety  of 
materials  which  are  markedly  superior  in  many  respects  to 
those  of  conventional  materials.  The  search  for  these  new 
materials  has  provided  a  stimulus  for  continued  investi¬ 
gation  Into  the  fundamental  chemical  processes  of  polymeri¬ 
zation  in  general.  These  researches  have,  in  turn, 
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resulted  in  major  advances  in  theoretical  chemistry.  An 
outstanding  example  of  this  is  found  in  the  chemistry  of 
free  radical  reactions,  the  quantitative  development  of 
which  owes  much  to  polymer  chemistry. 

Polymerization  reactions  are  broadly  divided 

into  two  main  classes  viz .  addition  polymerization  and 

% 

condensation  polymerization.  A  very  broad  general  treatment 

f 

of  the  addition  polymerization  reactions  will  be  given  with 
particular  reference  to  styrene  polymerization  to  bring  out 
some  salient  features  which  formed  the  basis  for  the 
present  investigation.  Any  review  on  the  condensation  poly¬ 
merization  reactions  is  beyond  the  scope  of  this  thesis. 

More  recent  accounts  of  polymerization  reactions  are  dis¬ 
cussed  by  Flory  (5)  ,  Walling  (6»)  ,  Bamford  (7)  ,  and  Burnett 
(8)  . 

The  free  radical  polymerization  of  'vinyl  compounds' 
forms  one  of  the  most  important  class  of  addition  polymeri¬ 
zation  in  which  the  polymer  molecules  are  formed  without 
elimination  of  any  molecule  from  the  reacting  monomer.  The 
term  'vinyl  compounds'  is  understood  to  include  simple  sub¬ 
stances  containing  the  terminal  olefinic  bond.  Such  compounds 
are  called  'monomers'  and  some  examples  of  these  are:  Styrene, 
vinyl  acetate,  acrylic  acid  and  its  esters  and  butadiene  etc . 
The  closely  similar  char acte>-is Lies  of  the  conversion  of 

to  polymers  hive  lead  to  the  conclusion  that 


these  monomers 
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all  these  proceed  essentially  by  a  similar  overall  process. 
There  is  much  evidence  to  support  the  postulation  that  a 
typical  vinyl  polymerization  proceeds  by  a  chain  mechanism. 

The  chain  character  of  the  kinetics  of  the  polymerization  in 
liquid  phase  was  first  recognized  by  Staudinger  (3,9)  who 
postulated  that  the  chain  is  propagated  through  successive 
addition  of  the  monomer  molecules  to  an  activated  molecule. 

The  first  clear  example  of  a  complete  free  radical  mechanism 
for  a  polymerization  reaction  was  given  by  Taylor  and  Jones 
(10) ,  who  found  that  ethylene  is  polymerized  by  free  radicals 
generated  in  the  thermal  decomposition  of  metal  alkyls. 

Similar  results  were  indicated  by  Rice  and  Sickman  (11) . 

They  induced  the  polymerization  of  ethylene  with  methyl  radi¬ 
cals  generated  from  the  decomposition  of  azomethane.  It  has 
been  observed  that  there  is  an  increase  in  the  rate  during 
the  first  stage  of  polymerization  (12) ,  and  the  molecular 
weight  of  the  polymer  remained  approximately  constant  during 
the  polymerization  (3,9,13).  No  single  mechanism  could  ex¬ 
plain  the  observed  facts.  Flory  (14) ,  in  1937,  gave  an 
account  of  polymerization  reactions  in  general  and  m  the 
light  of  the  limited  experimental  evidence  available  then, 
suggested  that  the  reaction  which  determines  the  molecular 
weight  of  a  polymer  and  the  reaction  which  destroys  the  active 
centers  are  not  one  and  the  same,  but  are  two  entirely  inde¬ 
pendent  processes.  On  this  basis  he  suggested  the  following 
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scheme  for  the  mechanism  of  vinyl  polymerization  process: 


[1] 

H 

+ 

Mi 

-> 

2M* 

* 

* 

[1.1] 

M 

+ 

Mn 

M  n 

n 

1 

n+1 

* 

* 

[1.2] 

M 

+ 

M 

M  +  M 

n 

n 

* 

* 

[1.3] 

M 

+ 

M 

M  or  M 

n 

m 

m  .  n+m 

(where  =  monomer  molecule,  M  =  a  polymer  molecule  com¬ 
posed  of  n,  units,  M  =  a  molecule  containing  ,an  unspecified 
number  of  units.  A  molecule  with  an  active  center  is 
marked  with  an  asterisk) .  According  to  Flory  two  active 
centers  are  formed  by  reaction  [1.0].  These  undergo  the 
chain  propagation  reaction  [1.1]  repeatedly  until  at  some 
stage  the  polymer  molecule  loses  its  active  center  to  another 
molecule  by  reaction  [1.2]  and  ceases  to  grow.  The  molecule 
which  inherits  the  active  center  grows  by  the  repeated  occu¬ 
rence  of  reaction  [1.1],  until  reaction  [1.2]  again  inter¬ 
venes,  and  so  on.  At  a  favorable  collision  of  two  of  the 
active  centers,  which  will  be  relatively  rare  since  the 
active  centers  must  be  present  in  such  minute  concentrations, 
mutual  deactivation  by  reaction  [1.3]  will  occur.  The  produc 
tion  of  each  active  center  will,  on  the  average,  bring  about 
the  forme tion  of  many  polymer  molecules  before  the  effect  of 


j. 


. 
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the  active  center  is  finally  ended  by  Reaction  [1.3]  It  is 
assumed  that  the  absolute  rate  of  reaction  [1.2]  is  much 
greater  than  that  of  reaction  [1.3].  On  the  basis  of  this 
mechanism  Flory  could  explain  the  observed  acceleration  of 
rate  at  the  outset  of  polymerization  and  the  approximate 

constancy  of  molecular  weight  during  the  course  of  reaction. 

% 

However,  a  general  agreement  on  the  kinetics  and  the  detailed 

„  * 
course  of  polymerization  was  lacking  till  recently.  Conse¬ 
quently  the  mechanism  of  the  initiation  and  termination 

steps  remained  obscure.  This  was  due  to  the  presence  of 

% 

small  amounts  of  impurities  in  the  monomers  and  of  oxygen 
whose  effects  on  kinetics  were  not  recognized  by  the  earlier 
workers.  It  was  demonstrated  recently  that  impurities  may 
either  inhibit  (15),  or  initiate  (16)  polymerization  reactions. 
Styrene  is  one  of  the  monomers  which  has  been  studied  more 
extensively  than  any  other,  due  to  its  ready  availability, 
commercial  importance,  easy  tractability ,  relatively  repro¬ 
ducible  kinetic  behavior.  The  early  polymerization  work  with 
styrene,  as  well  as  some  recent  work,  has  been  treated  by 
Bamford  (7).  More  recent  accounts  of  polymerization,  in 
general,  in  which  styrene  is  treated  in  some  detail,  have 
been  given  by  Flory  (5) ,  and  Walling  (6) . 

It  is  now  agreed  that  free  radical  polymerization 
process  of  a  single  vinyl  monomer  is  composed  of  (i)  the 
s low  formation  of  radicals,  called  initiation  reaction. 
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(ii)  their  rapid  growth  called  the  propagation  reaction 
and  (iii)  the  reaction  arresting  their  growth  called  termi¬ 
nation,  and  the  kinetics  are  based  on  these  reactions. 

Certain  assumptions  are  made  to  simplify  the  calculations 
of  the  kinetics.  These  are,  (i)  the  reactive  radical  inter¬ 
mediates  are  all  of  a  similar  type  in  a  free  radical  vinyl 
polymerization  and  that  the  reactivity  of  a  given  type  of 
radical  is  independent  of  its  length  so  that  a  single 
velocity  constant  will  characterize  all  the  propagation 
steps,  (ii)  Since  the  average  chain  length  is  great  the 
total  rate  of  reaction  of  monomer  is  equal  to  the  reaction 
of  monomer  in  the  propagation  steps  alone,  neglecting  any 
consumption  of  monomer  in  the  initiation  reaction,  (iii) 

The  rate  of  change  of  the  radical  concentration  is  very 
much  less  than  the  rate  of  change  of  monomer  concentration. 

In  the  light  of  the  above  simplifying  assumptions  the  follow- 


ing 

kinetic 

scheme  as  discussed  by 

Flory 

is  usually  accepted 

as 

a  basis  to  represent  the  mechanism  of 

polymerization  in 

the 

presence 

of  an  added  initiator. 

[2] 

.  .  kd 

Initiator  - ** 

2R. 

[2.1] 

R.  +  M  - 

M. 

[2.2] 

k 

M.  +  M  — 

M. 

[2.3] 

kt 

M .  +  M .  - *■ 

M-M 

or  M'  +  M" 

i 
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The  initiation  reaction  [2],  which  gives  Lwo  free  radicals/ 
R. ,  may  be  a  thermal  or  a  photochemical  decomposition  of  an 
initiator.  The  primary  radical r R. / adds  to  the  monomer,  M, 
by  reaction  [2.1]  to  give  a  monomer  radical  which  can  add 
repeatedly  to  further  monomer  molecules  by  reaction  [2.2]. 

The  termination  reaction  [2.3],  is  necessarily  bimolecular 
in  radicals,  as  radicals  can  only  be  destroyed  in  pairs, 
and  gives  rise  to  coupling  product, M-M,  or  disproportionation 
products,  M'  and  M,: .  Using  the  mentioned  simplifying  assump¬ 
tions  the  rate  of  polymerization,  Rp,can  be  written  as: 


•  [1] 


'k  [M]  [M.  ] 
P 


Using  the  steady  state  approximation  for  radicals, 

Rate  of  formation  of  radicals  =  Rate  of  destruction  of 
radicals  thus: 


[2] 

R.  =  2k  [M.] 

R.  1/2 

[3] 

[M.]  =  [2£  ] 

Substituting  the  value  of  [M. ] ,  in  equation  [1]  one  obtains 

rRi  i  1/2 

[4]  RP  =  kP  [M]  hkj 

where  k^  is  the  specific  rate  constant  for  propagation  and 
k  is  the  specific  rate  constant  for  termination.  R^  is  the 
rate  of  formation  of  radicals  and  is  given  by  2k^f  [I]  where 
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is  the  rate  of  decomposition  of  the  initiator , I ,  and 
f,  is  the  fraction  of  primary  radicals  that  are  able  to 
initiate  polymerization.  Thus  equation  [4]  can  be  written 
as 


[5] 


R 

P 


=  k  [M] 
P 


f  [I]* 
kt 


1/2 


The  kinetic  chain  length, v, is  the  number  of  monomer  molecules 
consumed  by  each  primary  radical  and  this  is  given  by 


-dM/dt _ 

rate  of  formation  of  radicals 


The  actual  size  of  the  polymer  molecule  depends  on  the  termi¬ 
nation  mechanism.  The  number  of  monomer  units  in  the  average 
polymer  molecule  is  called  the  degree  of  polymerization ,P . 

If  termination  occurs  by  combination,  the  average  polymer 
contains  a  number  of  monomer  units  equal  to  twice  the  kinetic 
chain  length,  P  =  2v.  If  termination  occurs  by  dispropor¬ 
tionation  the  average  polymer  has  a  degree  of  polymerization 
equal  to  kinetic  chain  length  P  =  v.  Regardless  of  the  termi¬ 
nation  mechanism  equation  [6]  is  written  as: 


[7] 


(rate  of  destruction 
of  radicals) 


or 


v  = 


2  2 
k  M 
P 

2k  R 
t  P 


kp  [M.  ]  [M] 
2kt  [M.  ]  2 


k  [M] 

_P _ 

2kt [M.] 


Equation  [5]  predicts  than  the  rate  of  polymerization  should 
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be  proportional  ^.c  the  square  root  of  the  initiator  con¬ 
centration,  and  a.-so  proportional  to  the  concentration  of 
monomer.  The  half-order  dependence  of  rate  on  the  initiator 
concentration  and  the  first  order  dependence  on  monomer  con¬ 
centration  is  borne  out  for  a  large  number  of  initiator 

kD2 

monomer  systems  (17-26) .  The  value  represents  the  poly- 

merizability  of  a  monomer.  A  close  agreement  of  this  value 
for  styrene  by  different  investigators  (21,22,23,26) 
demonstrates  the  general  reproducability  and  reliability  of 
polymerization  kinetics. 

The  mechanism  of  the  initiated  polymerizations 
process  is  well  understood.  Thus  in  the  initiation  step,  the 
radical,.  R.,  produced  by  the  decomposition  of  an  initiator  adds 
to  the  monomer,  for  example,  in  styrene 


and  this  is  borne  out  by  the  observations  that  fragments  of 
the  initiators  used  have  been  found  incorporated  in  the 
polymer  formed  (27-31)  .  It  can  be  seen  that  the  orientation 
of  addition  of  a  growing  radical  to  another  monomer  should 
be  head— to— tail  for  reasons  of  resonance  stabilization  of 
the  radical . 
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It  was  shown  from  the  degradation  studies  that  polystyrene 
chains  contain  regular  repeating  units  bonded  in  a  head-to- 
tail  structure  (3) .  The  linearity  of  the  polymer  was  demon¬ 
strated  by  Wall  and  Brown  (34).  Considerable  work  was  done 
by  many  workers  in  the  field  to  decide  whether  the  termination 
reaction  involves  combination  or  disproportionation  of  the 
growing  radical  chains'.  The  majority  of  evidence  indicates 

f 

that  most  polymerization  processes  terminate  by  radical 
coupling  reactions  (20) .  Thus  the  polymerization  of  styrene 
initiated  by  radio-active  persulphate  (32)  or  azo-bis- 
isobutyronitr ile  (29,30/35,37)  contains  two  initiator  fragments 

per  molecule  of  the  polymer.  Indirect  supporting  evidence 
was  obtained  by  Overberger  and  Finestone  (38) .  They  decom¬ 
posed  1 , 1 ' -azo-bis- ( 1 , 3  diphenyl kpentane  and  showed  that 
about  90%  of  the  resulting  ' polystyryl-type '  radicals  reac¬ 
ted  by  coupling  reaction  as  indicated  below: 


As  indicated  in  the  foregoing  pages,  all  vinyl 


monomers  undergo  radical  addition  polymerization  reaction 


' 

« 

■ 
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under  the  influence  of  added  initiators  giving  rise  to 
high  molecular  weight  polymers.  However,  among  these  monomers 
certain  monomers  even  without  initiators  undergo  spontaneous 
polymerizations  under  thermal  conditions,  to  give  the  same 
high  molecular  weight  polymers.  This  kind  of  polymerization 
is  termed  as  'thermal  polymerization' .  Styrene  is  one  such 
monomer  which  undergoes  thermal  polymerization  and  was 
studied  in  great  detail.  Various  substituted  styrenes  and 
methyl  methacrylate  also  undergo  thermal  polymerization 
although  the  processes  have  not  been  studied  in  great  detail 
(39) .  It  has  been  found  that  carefully  purified  styrene 
polymerizes  spontaneously  at  a  rate  of  0.1%  per  hour  at  60° 
and  14%  per  hour  at  127°  which  corresponds  to  an  overall 
activation  energy  of  21  kcal./mole  (39).  The  reproducibility 
of  the  thermal  polymerization  rates  of  styrene  by  various 
workers  (16,40,41,42)  is  a  convincing  evidence  that  the 
polymerization  reaction  is  not  initiated  by  some  adventitious 
impurities  acting  as  initiators,  but  involves  styrene  mole¬ 
cules  only.  The  thermal  polymerization  of  styrene  can  be 
inhibited  or  retarded  (43)  but  substances  such  as  guinones, 
amino  and  nitro  compounds.  These  are  generally  considered 
to  be  radical  scavengers.  This  shows  that  the  thermal  poly¬ 
merization  process  also  proceeds  through  radical  mechanism. 

The  early  kinetic  investigations  on  the  thermal 
polymerization  of  styrene  revealed  that  the  reaction  in 
solution  in  various  solvents  obeyed  second-order  dependence, 
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while  in  bulk  phase  (i.e.  pure  monomer)  was  apparently 
of  first-order  in  monomer  (44,45,46,47,48,49).  To  account 
for  the  apparent  first-order  dependence  Walling,  Briggs 
and  Mayo  (40)  replaced  the  monomer  concentration  by  its 
thermodynamic  activity,  as  estimated  from  vapour  phase 
measurements.  Calculated  in  this  way,  they  concluded  that 
the  experimental  results  were  in  reasonably  good  accordance 
with  a  second-order  dependence.  The  lower  order  in  bulk 
polymerization  has  also  been  attributed  to  a  'gel  effect', 
that  is,  a  reduction  in  termination  rate  and  consequent 
increase  in  reaction  rate  with  rising  viscosity  of  the  medium 
(40).  However,  it  remained  obscure  as  to  how  the  radicals 
are  produced  and  no  plausible  explanation  w as  offered  for 
the  initiation  step  in  the  thermal  polymerization  of  styrene. 
Flory  (14),  in  1937,  on  the  basis  of  experimental  kinetic 
evidence  available  then,  postulated  that  n  number  of  mole¬ 
cules  of  monomer  could  collide  with  enough  energy  to  give 
two  radicals  capable  of  adding  further  monomer  units  thus 
initiating  the  polymerization  reaction.  If  reaction  [2] 
is  now  written  as 


[3] 


2R. 


Assuming  that  the  propagation  and  termination 
steps  are  identical  in  both  the  thermal  and  initiated  poly¬ 
merization,  it  can  be  easily  shown  that 


„  .  fk.//2 

R  —  K  l) 

p  p  -nqyi/2 


n+i 

(M)  z  X 


[8] 
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where  is  the  specific  rate  constant  for  the  thermal 
initiation  reaction. 

Thus  the  observed  overall  second-order  kinetics 
in  the  thermal  polymerization  rate  of  styrene  makes  it 
necessary  that  .the  thermal  initiation  reaction  is  bimolecular 
or  second-order  in  styrene  concentration.  On  this  basis, 

Flory  suggested  that  two  styrene  molecules  can  couple  to  form 
a  diradical  viz . , 

0-=-c„2-c„2-c-<0 

He  pointed  out  that  such  a  diradical  formation  is  energeti¬ 
cally  feasible  (AH  =  29  Kcal/mole) ,  and  this  diradical  then 
could  grow  to  high  molecular  weight  polymer  by  adding  monomer 
units  at  both  ends.  A  unimolecular  initiation  process  for 
the  formation  of  radicals  by  spontaneous  dissociation  of 
C-C  or  C-H  bond  or  the  opening  of  the  C-C  double  bond  to  yield 
a  divalent  free  radical  was  ruled  out  on  energetic  grounds. 
Another  second-order  initiation  mechanism  in  which  two  free 
radicals  are  formed  by  the  exchange  of  a  hydrogen  at om  between 
two  styrene  molecules  was  also  rejected  on  energetic  grounds. 

Flory' s  diradical  initiation  mechanism  was  subjected 
to  very  vigorous  scrutiny  by  various  workers.  Support  seemed 
to  be  given  to  this  theory  by  the  claim  of  Melville  and  Watson 


' 


-14- 


(50)  that  the  behavior  of  quinone  inhibitors  in  the  initi¬ 
ated  polymerization  of  styrene  (which  could  hardly  involve 
other  than  mono-radicals)  is  different  from  that  in  the 
thermal  polymerization.  They  suggested  that  the  reactive 
entities  involved  in  the  two  cases  are  of  different  natures. 
Russell  and  Tobolsky  (51)  showed  that  the  rate  of  initiation 
measured  by  the  consumption  of  diphenyl-picrylhydrazyl 
(DPPH)  is  very  much  greater  than  that  calculated  from  the 
rate  of  polymerization  and  the  known  overall  rate  coefficients, 
whereas,  in  the  initiated  polymerization  the  two  values  are 
in  agreement.  They  assumed  that  diradicals  were  formed  in 
the  thermal  polymerization,  a  major  proportion  of  which  under¬ 
go  self- termination  to  form  small  rings.  In  the  presence 
of  DPPH  the  diradicals  were  assumed  to  react  with  this  sub- 
stance.  They  could  not  state  whether  thermal  polymerization 
is  initiated  by  monoradicals  formed  by  transfer  reactions  of 
diradicals  before  ring  closure  could  occur,  or  whether  the 
mono-radicals  are  formed  by  a  separate  reaction.  In  1950  Haward 
(52)  considered  the  statistical  probability  of  formation  of 
rings  from  diradicals  basing  Lis  calculations  on  theoretical 
results  obtained  by  an  application  of  the  random  flight 
problem  to  the  configuration  of  long  polymer  chain.  He  pre¬ 
dicted  that  in  the  thermal  polymerization  of  styrene  mutual 
termination  of  the  two  ends  of  a  long  chain  diradical  should 
be  expected  to  overwhelm  termination  involving  radicals  of 
two  different  chains.  Zimm  and  bragg  (53) ,  using  the  known 
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chain  transfer  constants  and  termination  constants,  shov;ed 

that  diradicals  alone  cannot  grow  large  to  give  high  molecular 

weight  polymer.  '  They  predicted  that  unless  diradicals  have 

anomalously  high  chain  transfer  constants  they  should  give 

exclusively  short  chain  rings  of  9-10  units,  in  contrast  to 

5  6 

the  very  high  molecular  weight  polymer  (10  -10  )  formed  in  the 
thermal  polymerization  of  styrene.  Walling  (55)  pointed  out 
that  even  if  such  growing  diradical  chains  existed  and  mutual 
termination  step  becomes  a  first  order  process  resulting  in 
overall  kinetics  of  third-order  dependence  in  monomer. 

9 

Besides,  such  self-terminations  would  lead  to  the  formation 
of  large  rings  which  could  interlock  subsequently  giving  rise, 
to  'gel'  formations.  But,  no  evidence  of  large  'gel  effects'  have 
been  shown  in  the  thermal  polymerization  of  styrene. 

Further  attempts  to  collect  evidence  for  or  against 
the  existance  of  diradical  were  directed  towards  the  use  of 
model  compounds  which  could  generate  diradicals  and  the 
measurement  of  the  efficiencies  of  such  diradicals  to  initiate 
the  polymerization  of  styrene.  Tobolsky  (25)  showed  that  in 
direct  photochemical  polymerization  of  styrene  (which  would 
involve  a  diradical  of  the  type,  C6H5-CH-CH2  the  initiation 
process  involves  only  mono-radicals.  But  here  the  question 
was  obscured,  as  pointed  out  by  Walling  (54) ,  by  chain  trans¬ 
fer  with  monomer.  Russell  and  Tobolsky  (56)  found  that 
cyclic  disulphides  which  yield  diradicals  photochemically  do 


. 


not  initiate  polymerization  of  styrene  appreciably. 
Overberger  (57)  studied  cyclic  bis-azo  compounds  of  the 
type : 


where  n  =  8 


6  5  6  5 


I 


whith  yield  diradicals  thermally.  He  found  that  the 
initiation  of  styrene  polymerization  using  I  was  very  inef¬ 
ficient  and  he  concluded  that  diradical  propagation  cannot 
take  place  even  under  favorable  conditions.  Cohen  and  co¬ 
workers  (58),  used  3 , 6-diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine 
as  a  source  for  diradical. 


Using  this  compound  they  reported  that  it  could  initiate 
styrene  polymerization  giving  a  kinetic  chain  length  of  only 


8 


10  monomer  units. 
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Thus,much  evidence  was  accumulated  against  the  dirudical 
as  the  initiating  species  in  the  thermal  p  lymerization  of 
styrene.  The  actual  mechanism  for  the  initiation  step 
remained  obscure. 

New  light  was  thrown  on  the  subject  by  Mayo  (12)  , 
in  1953.  He  made  a  very  careful  and  exhaustive  study  of 
the  kinetics  of  thermal  polymerization  of  styrene  in  bromo- 
benzene  solution  (0.02M  to  8M  concentration).  By  the 
analysis  of  the  low  and  high  molecular  weight  fractions  of 
the  polymer  he  concluded  that  the  overall  kinetics  fit  better 
to  five-halves  order  in  styrene  concentration  than  to  a 
second  order.  Assuming  that  the  high  molecular  weight 
polymer  fraction  is  formed  by  mono-radical  chain  propagation 
and  the  low  molecular  weight  fraction  is  formed  by  non- 
radical  or  diradical  reactions,  Mayo  proposed  a  termolecular 
initiation  step.  This  is  in  accordance  with  his  observation 
of  f ive-halves-order  of  the  overall  kinetics  (refer  equation 
[8]  where  n=3) .  The  termolecular  initiation  step  provides 
a  means  of  generating  a  pair  of  mono-radicals  by  an  energeti¬ 
cally  feasible  process,  viz ; 


the  energy  for  such  a  process  is  well  within  the  observed 
activation  energy  for  initiation  of  29  kcal/mole  (42) .  He 
argued  that  if  a  diradical  were  formed  reversibly  from  two 
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molecules  of  styrene  followed  by  a  very  inefficient  trans¬ 
fer  reaction  with  a  third  molecule  of  styrene  to  give 
two  mono-radicals  viz.; 


[6]  2 


[7] 


III  + 


III 

two  monoradicals 


the  result  would  be  still  a  third  order  initiation.  Walling 
(54) ,  pointed  out  that  a  termolecular  initation  process 
may  not  be  necessary  for  the  formation  of  mono-radicals  but 
they  could  be  formed  by  the  following  process: 


This  kind  of  process  was  considered  by  Flory  (14)  and  was 
discarded  on  energetic  grounds  as  pointed  out  earlier. 

Burnett  and  Loan  (59)  pointed  out  that  Mayo  did  not  con¬ 
sider  the  kinetic  significance  of  extra  termination  reactions 
introduced  by  the  presence  of  'solvent  radicals'  and  argued 
that  the  apparent  order  of  the  overall  kinetics  could  be 
influenced  by  considering  such  termination  reactions.  Hiatt 
and  Bartlett  (60)  questioned  this  view  and  to  provide  unam¬ 
biguous  evidence  studied  the  kinetics  of  thermal  reaction 
of  styrene  and  ethylthioglycolate  (a  well  defined  transfer 
agent)  over  sufficient  range  of  concentrations.  They 
correlated  their  data  taking  into  consideration  all  possible 
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termination  reactions,  assuming  that  the  only  source  of 
radicals  is  from  styrene-styrene  interactions.  They  obtained 
unabmiguous  experimental  evidence  of  third-order  kinetics  of 
the  thermal  formation  of  radicals  from  styrene.  This  is  an 
excellent  support  to  Mayo's  (42),  findings.  Hiatt  and 
Bartlett  (60)  suggested  that  there  could  exist  a  reversibly 
formed  association  product  of  two  of  three  reacting  styrene 
molecules.  The  binary  association  product  might  be  (i) 
the  classical  Flory9s  diradical,  III,  with  the  provisos  that 
it  attains  equilibrium  with  styrene  as  in  reaction  [6]  and 
that  it  can  readily  donate,  but  not  accept  a  hydrogen  atom  (ii) 
an  addition  product  of  Diels-Alder  type, IV,  in  equilibrium 
with  two  molecules  of  styrene  as  shown  in  reaction  [9] ,  (a 
suggestion  put  forward  by  Mayo  (61))  ,  or  (iii)  a  charge 
transfer  complex ,V,  reversibly  formed  preliminary  to  the 
formation  of  III  or  IV  by  reaction  [10] .  Any  of  the  three 
species  might  react  with  the  third  molecule  of  styrene  to 
yield  mono-radicals  , VI  and  VII  or  VI  and  VIII , by  processes 
which  are  energetically  feasible  as  shown  in  reactions  [11], 

[12]  and  [13] . 

The  postulations  offered  above  are  very  attractive 
but  one  has  still  to  decide  upon  a  diradical  ,111,  or  a  Diels- 
Alder  adduct  ,IV ,  as  the  binary  association  product  in  equili¬ 
brium  with  two  molecules  of  styrene.  In  all  case0  the 
further  reaction  of  the  adduct  with  the  third  molecule  of 
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[11] 


[12] 


III  + 


IV  + 


CH=CH2 


VII 


[13] 


V  + 


VI  +  VII  or  VIII 
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styrene,  involves  a  carbon-hydrogen  bond  breaking.  A 
study  of  the  rates  of  both  thermal  and  initiated  polymeri¬ 
zations  of  suitably  deuterated  styrenes  and  analysis  of  the 
kinetic  isotopic  data  should  enable  one  to  decide  on  one 
or  the  other  mechanism. 

Another  method  to  assess  the  postulations  and  to 

collect  evidence  to  substantiate  the  kinetic  isotopic  results 

« 

would  be  by  the  examination  of  efficiencies  of  species  like 

III  and  IV  as  initiators  in  the  polymerization  of  styrene. 

Cohen  and  co-workers  (58),  used  3 , 6-diphenyl-3 , 4 , 5 , 6-tetra- 

% 

hydropyridazine  as  a  source  for  III.  The  decomposition 
products  of  3 , 6-diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine  were 
not  characterized  properly  by  them.  It  is  felt  that  a  close 
examination  of  the  same  is  necessary.  5-Methylene 
1 , 3-cyclohexadiene  (IX)  is  chosen  as  the  model  compound  for  IV; 
IX  having  nearly  the  same  structural  and  reactivity  features 


H 

IX 

Mayo  indicated  in  private  communications  to  various 
authors  (64,65)  that  1 -phenyltetralin  formed  the  major  fraction 
in  the  dimers  isolated  in  iodine  or  picric  acid  inhibited 
polymerization  of  styrene.  It  is  desirable  to  examine  the 
dimers  formed  from  thermal  reactions  of  styrene  under  different 


conditions . 


i  ■  ,<  k  ,4» 

' 

' 


-  5  ':1-  ';J 


-22 


When  the  work  on  the  subject  was  well  in  hand 
Pryor  (62,63,64),  published  some  results  on  deuterium  iso¬ 
topic  effects  in  styrene  polymerization.  His  results  will 
be  discussed  in  the  latter  section  of  this  thesis. 

Three  different  synthetic  sequences  were  devised 
and  attempted  to  prepare  IX  in  workable  yields.  Though  some 
very  interesting  chemistry  developed,  it  was  disappointing 
to  observe  that  in  all  the  synthetic  sequences  attempted  only 
toluene  was  formed  as  the  major  product  and  very  little,  if 
any,  of  the  desired  alicyclic  isomer  of  toluene,  IX,  was 
detected.  The  experimental  details  and  the  results  of  these 
attempts  are  not  presented  in  this  thesis. 
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CHAPTER  I 

Kinetics  of  Thermal  and  Initiated  Polymerizations  of 
Deuterated  Styrenes: 

The  following  deuterated  styrenes  were  synthesised. 


XXVI  XXIX 


For  all  the  deuterated  styrenes ,  synthetic  normal  styrene  was 
prepared  by  the  same  technique  as  was  used  for  the  labelled 

compounds.  The  preparation  of  normal  styrene  in  each  case 
served  the  purpose  of  standardizing  the  reaction  conditions 

for  making  the  corresponding  deuterated  styrenes.  It  also 
served  the  purpose  of  checking  that  the  synthetic  sequences 
employed  did  not  introduce  any  impurities  inadvertently  in 
the  deuterated  styrenes,  which  might  have  caused  the  isotope 
sf f Gets  observed.  This  was  done  by  comparison  of  the  thermal 
rates  of  polymerization  of  the  synthetic  styrenes  with  that 

of  purified  commercial  styrene. 

The  preparation  of  deuterated  styrenes  and  the 
kinetics  of  thermal  and  initiated  rates  of  polymerizations 
of  these  are  presented. 
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RESULTS 

Preparation  of  the  Deuterated  Styrenes 
Styrene-l-d  (XV) : 

Burlant  and  Neerman  (66)  synthesized  XV  by  treating 

the  Grignard  reagent  prepared  from  1-bromostyrene  with 

% 

deuterium  oxide,  but  the  yield  of  XV  was  poor  and  it  was 

.  i 

contaminated  with  phenylacetylene .  Overberger  (67)  prepared 
XV  in  good  yield  and  excellent  isotopic  purity  by  the  de¬ 
hydration  of  1-phenylethanol-l-d .  However,  the  dehydration 

% 

step  seemed  to  require  careful  standardization  of  the  reac¬ 
tion  conditions  to  obtain  optimum  yields  of  XV.  Since 
pyrolysis  of  esters  seems  to  offer  a  better  method  for 
obtaining  good  yields  of  olefin,  the  1-phenylethanol-l-d 
was  converted  to  its  acetate  ester  and  this  was  pyro lysed 
to  obtain  XV  in  the  present  work.  The  sequence  of  reactions 
employed  for  the  preparation  of  XV  and  the  light  styrene  is 
outlined  in  Scheme  1.  1-Phenylethanol-l-d  (XI)  was  obtained 
in  90%  yield  by  the  reduction  of  acetophenone  with  lithium 
aluminum  deuteride.  The  infrared  spectrum  (neat)  showed 
absorption  bands  at  3615,  3360  cm  characteristic  of  -OH 
stretching  vibrations  and  at  2215  cm  due  to  the  C-D 
stretching  vibration.  The  n.m.r.  spectrum  (CC14)  showed  a 
multiplet  centered  at  \2.1 ,  a  broad  peak  centered  at  x6.3 
and  a  singlet  at  x8.67.  The  absence  of  a  quartet  at  i5.4 
and  a  doublet  at  x8.75  (J  =  /  cps)  which  were  found  in  the 
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n.m.r*  spectrum  of  the  corresponding  light  compound  indicated 
that  the  1-position  of  XI  was  completely  deuterated.  The 
compound  XI  was  acetylated  to  XIII  in  86%  yield  according 
to  the  method  of  Nevitt  and  Hammond  (68) .  The  infrared 
spectrum  (neat)  showed  absorption  bands  at  2270  cm-1  (C-D 
stretching  vibration)  and  at  1730  cm”1  (ester  carbonyl 
stretching  vibration)..  The  n.m.r.  spectrum  (CC14)  showed 
a  multiplet  centered  at  x2.7,  a  sharp  singlet  at,x8.05  and 
another  singlet  at  x8.55.  The  absence  of  a  quartet  at  x4.15 
(J  =  7  cps)  and  a  doublet  at  x 8. 55  (J  =  7  cps)  which  were 
found  in  the  n.m.r.  spectrum  of  the, corresponding  light 
compound,  XII,  indicated  that  there  was  no  loss  of  deuterium 
from  the  1-position  of  XIII  during  its  preparation.  The 
ester,  XIII,  was  pyrolyzed  at  390°  in  a  pyrolysis  tube 
similar  to  that  described  by  Depuy  (69)  to  obtain  77%  'yield 
of  styrene-l-d.  The  infrared  spectrum  (neat)  showed  an 
absorption  band  at  2460  cm  1  (C-D  stretching  vibration)  along 
with  other  bands  found  in  that  of  light  styrene.  The  g.l.c. 
analysis  (Carbowax  20M,  100°)  indicated  that  the  product  was 
free  from  impurities.  The  n.m.r.  spectrum  (CCl^)  showed 
multiplets  centered  at  x2.75,  x4.35  and  x4.83.  The  multiplet 
at  x 2 . 75  equivalent  to  five  protons  is  due  to  the  five 
phenyl  protons,  the  multiplet  at  x4.35  equivalent  to  one 
proton  is  due  to  the  trans— 2-proton  and  the  multiplet  at 
x 4 . 8 3  equivalent  to  one  proton  is  due  to  the  cis-2-proton . 

The  absence  of  the  unsymme'xrical  quartet  at  x3.35  which  is 
found  in  the  n.m.r.  spectrum  of  the  light  styrene  (see  Figures 


■ 


-27- 


1  ^nd  2)  indicated  that  1-position  of  styrene-l-d  was 
completely  deuterated.  This  was  also  evident  from  the 
absence  of  doublet  of  doublets  at  x4.22  and  T4.5  (J  =  2  cps; 

^trans  =  ^  CPS^  an<^  the  doublet  of  doublets  at  x4.76  and 
t4.92  (J  =  2  cps;  Jc^s  =  H  cps)  which  are  found  in  the 
n.m.r.  spectrum  of  the  light  styrene.  The  signals  at 
^4.35  and  t4.83  appear  as  multiplets  because  of  geminal 
coupling  (J  =  2  cps)  and  further  coupling  with  the  deuterium 
in  the  1-position;  Generally,  in  a  situation  such  as 
H-C-C-D,  the  coupling  of  proton  with  deuteron  is  less  than 
1  cps  and  it  has  been  found  (70)  that  =  6-7.  Thus 

the  observed  multiplicity  for  both  the  2-protons  in  the  n.m.r. 
spectrum  of  styrene-l-d  can  be  explained.  The  n.m.r. 
spectrum  corresponds  with  that  of  a  calculated  signal 
pattern  reported  by  Yoshino  (71)  and  that  of  a  spectrum 
recently  reported  by  Buza  and  Snyder  (72) .  The  absence  of 
any  other  peaks  in  the  n.m.r.  spectrum  indicated  that  the 
styrene-l-d  obtained  was  pure  and  of  high  isotopic  purity.. 

The  mass  spectral  analysis  carried  out  according  to  the 
method  of  Biemann  (73)  at  11.0  ev  showed  the  parent  peak 
m/e  105  and  indicated  that  the  product  contained  at  least 
98.5  mole  per  cent  of  styrene-l-d.  The  mass  spectrum  at 
70  ev  corresponds  with  that  reported  in  literature  (74). 

The  corresponding  light  styrene  was  prepared 
as  indicated  in  Scheme  1.  Acetophenone  was  reduced  to 
1-phenyl ethanol  (X)  in  96%  yield.  The  compound,  X,  was 
acetylated  to  the  ester,  XL'I,  in  90%  yield.  The  ester, 

XII,  was  pyrolysed  to  obtain  styrene  in  87%  yield.  The 
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g.l.c.  analysis  (carbowax  20M,  100°)  indicated  that  the 
styrene  was  free  from  impurities.  The  infrared,  n.m.r. 
and  mass  spectra  correspond  with  those  reported  in  literature 
(75-77).  The  deuterated  styrene  and  the  light  styrene  were 
stored  in  the  cold  and  were  freshly  distilled  before  use  for 
the  kinetic  runs. 

Styrene-2 , 2-d2  (XX): 

Wall  and  Brown  (78)  prepared  XX  by  the  reduction 
of  acetophenone-d^  with  lithium  aluminium  hydride  and  subsequent 
dehydration  of  the  resulting  alcohol.  Due  to  the  expense 
involved  in  the  method,  an  alternate  method  of  Hammond  and 
Kopecky  (79)  was  used.  The  synthetic  sequence  employed  is 
shown  in  Scheme  2.  The  method  was  first  standardized  for 
the  preparation  of  light  styrene  and  then  under  the  same 
conditions  XX  was  prepared. 

2-Phenylethanol-l , l-d2  (XVII)  was  prepared  in 
90%  yield  by  treating  ethyl  phenylacetate  with  lithium 
aluminum  deuteride.  The  infrared  spectrum  (neat)  showed 
absorption  bands  at  3350  cm”1  (-OH  stretching  vibration) , 

2220  and  2130  cm”1  (-C<^  symmetric  and  antisymmetric 
stretching  vibrations).  The  n.m.r.  spectrum  (CC±^)  showed 
a  multiplet  centered  at  x2.87,  a  broad  peak  at  x6.45  and 
a  singlet  at  x7.31.  The  spectrum  corresponds  to  the  required 
compound.  The  absence  of  a  triplet  at  x6.38  (J  =  7  cps)  and 
a  triplet  at  x7.31  (J  =  7  cps)  which  are  found  in  the  n.m.r. 
spectrum  of  the  corresponding  light  compound  (XVI)  indicated 
that  XVII  was  dideuterated  in  the  1-position.  The  compound, 
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XVII,  was  acetylated  to  obtain  the  ester,  XIX,  in  94.4% 
yield  according  to  the  method  of  Nevitt  and  Hammond  (68) . 

The  infrared  spectrum  (neat)  showed  absorption  bands  at  2245 
and  2165  cm  (— CN^  symmetric  and  antisymmetric  stretching 
vibration).  The  n.m.r.  spectrum  (CC14)  showed  a  multiplet 
centered  at  ^2.8  and  singlets  at  x  7 . 15  and  x  8 . 05 •  The 
spectrum  corresponds  with  the  required  compound.  The 
absence  of  triplets  at  t5.8  (J  =  7  cps)  and  at  t7.15 
(J  =  7)  cps)  which  are  found  in  the  n.m.r. 
spectrum  of  the  corresponding  light  compound  (XVIII) 
indicated  that  no  deuterium  was  lost  from  the  1-position 
of  XIX  during  its  preparation.  The  ester,  XIX,  was  pyrolysed 
in  a  similar  manner  as  indicated  earlier  to  obtain  styrene-2, 
2-d2  in  50%  yield.  The  yield  was  low  because  the  pyrolysate 
had  to  be  recycled  for  a  second  time  to  affect  complete 
pyrolysis  of  the  ester  and  some  of  the  product,  XX,  might 
have  been  lost  due  to  polymerization  reactions.  The  g.l.c. 
analysis  (Carbowax  20M,  100°)  indicated  that  the  product 
was  free  from  impurities.  The  infrared  spectrum  (neat) 
showed  absorption  bands  at  2320  and  2210  cm  ^  (-C<Cp  symmetric 
and  antisymmetric  stretching  vibrations)  in  addition  to  the 
other  bands  found  in  that  of  light  styrene.  The  n.m.r. 
spectrum  (CCl^)  showed  a  multiplet  centered  at  x2.75  and 
another  multiplet  centered  at  i3.35.  The  multiplet  at  x2.75 
equivalent  to  five  protons  is  due  to  the  five  protons  of 
the  phenyl  group  and  the  multiplet  at  x3.35  equivalent  to  one 
proton  is  due  to  the  proton  in  the  1-position.  The  absence  of 
any  other  peaks  at  high  field  (see  Figure  3)  such  as  those  found 
in  the  spectrum  of  light  styrene  (see  Figure  1)  indicated  the 
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absence  of  any  light  styrene  as  impurity  in  XX.  The 

multiplicity  of  the  signal  at  x3.35  is  explained  by  the 

coupling  of  the  proton  in  1-position  with  the  trans-  and 

cis-2-deuterons .  The  n.m.r.  spectrum  of  XX  corresponds  with 

that  of  a  calculated  signal  pattern  for  styrene-2 , 2-d£ 

reported  by  Yoshino  (71).  The  mass  spectrum  at  70  ev 
showed  parent  peak  m/e  106  and  corresponds  with  that  reported 

in  literature  (80).  The  mass  spectral  analysis  (73)  at  11.5 

ev  indicated  that  XX  contained  at  least  97.31  mole  per  cent  of 

f 

d^-styrene . 

The  light  styrene  was  prepared  as  outlined  in 

Scheme  2.  2-Phenylethanol  (XVI)  was  obtained  in  92.7%  yield 

% 

by  reacting  ethyl  phenylacetate  with  lithium  aluminum 
hydride.  The  alcohol,  XVI,  was  converted  to  2-phenylethyl 
acetate  (XVIII)  in  91%  yield  by  acetylation.  Pyrolysis  of 
XVIII  gave  styrene  in  60%  yield.  The  g.l.c.  analysis 
(Carbowax  20M,  100°)  indicated  that  the  styrene  was  free  from 
impurities.  The  infrared,  n.m.r.  and  mass  spectra  matched 
with  those  of  purified  commercial  styrene  and  with  those 
reported  in  literature  (75  -  77) .  The  deuterated  styrene  and 
the  light  styrene  were  stored  in  a  cold  place.  They  were 
freshly  distilled  when  required  for  the  kinetic  runs. 

Styrene-o ,o ' (XXVI): 

The  conventional  methods  for  introducing  deuterium 
in  the  aromatic  nucleus  by  eleoL-^ophilic  substitution 
involve  many  exchanges  of  the  aromatic  compound  with  deuterium 
oxide  in  the  presence  of  Lewis  acid-catalysts  until  the 
required  level  of  isotope  substitution  has  taken  place  (81) . 
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However,  these  metboas  are  found  to  be  lengthy,  labo.rious 
and  expensive.  Moreover,  the  appropriate  aromatic  substrate 
after  the  deuteration  should  be  converted  to  the  required 
styrene-o , o ' -d^  in  a  simple  and  economical  number  of  reaction 
steps.  Halogen  metal  interchange  and  subsequent  deuteration 
of  the  appropriate  substrate  also  would  involve  several 
reactions  to  arrive  at  the  required  deuterated  styrene. 

There  are  no  methods  available  in  literature  to  introduce 
deuterium  atoms  in  the  required  o ,o' -positions  of  the  benzene 
nucleus  carrying  a  functional  group,  which  could  be  later 
converted  to  XXVI  in  an  economical  manner. 

However,  Jones  and  Hauser  (82)  metalated  benzyl- 
dimethylamine  and  related  amines  in  the  o-position  of  the 
aromatic  nucleus  using  n-butyllithium.  The  metalated  amine 
reacted  with  deuterium  oxide  to  give  o-deuterated  amine 
in  high  yield  and  with  high  isotope  purity  (Cci.  90%  d-^-amine)  . 
They  presented  convincing  evidence  that  the  metalation  and 
deuteration  sequence  on  the  amine  lead  to  the  o-deuterated- 
amine.  Thus,  N,N-dimethyl- (1-phenylethyl ) -amine  gave  the 
corresponding  o-d-^-amine.  They  argued  that  the  metalation 
reaction  is  favoured  due  to  the  presence  of  the  hetero¬ 
atom  which  can  stabilize  the  metalated  derivative  by  cnelation 
as  indicated  below: 
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If  the  mechanism  cf  the  metalation  reaction 
involves  the  abstraction  of  a  o-H  atom  of  the  amine  by  the 
carbanion  of  the  organometallic  reagent  in  a  fate  determining 
step,  then  the  reaction  should  exhibit  a  primary  deuterium 
kinetic  isotope  effect.  In  fact  such  isotope  effects  have 
been  reported  (kR/kD  =  2.0  +  0.1)  (83).  On  this  basis  if 

the  o-d-^-amine  is  subjected  to  further  metalation  and 
deuteration  sequence,  one  should  be  able  to  introduce 
another  deterium  atom  in  the  other  ortho  position  of  the 
benzene  nucleus. 

N ,N-Dimethyl- (1-phenylethyl ) -amine  (XXI)  was 
selected  as  the  suitable  substrate  for  the  purpose,  because 
XXI  can  be  easily  converted  to  styrene  in  excellent  yields 
via  its  amine-oxide  (84) .  The  pilot  experiments  showed  that 
the  above  assumption  was  borne  out  very  favourably  and  the 
introduction  of  two  deuterium  atoms  in  the  aromatic  nucleus 
could  be  achieved.  Therefore,  styrene-o , o 1 -d^  was  synthesized 
using  the  above  method.  The  sequence  of  reactions  is  outlined 
in  Scheme  3 . 

N ,N-Dimethyl- (1-phenylethyl) -amine ,  XXI,  was 
prepared  in  7  0%  yield  by  the  N-methylation  of  l-pve.nyl- 
ethylamine  using  formic  acid  and  formaldehyde  according  to  the 
method  of  Clark  (85).  The  n.m.r.  spectrum  (CCl^)  showed 
a  singlet  at  x2.81,  a  quartet  at  t6,88  (J  7  cps)  ,  a 
singlet  at  t7.88  and  a  doublet  at  x8.71.  The  spectrum 
corresponds  with  the  required  compound.  The  g.l.c.  analysis 
indicated  that  XXI  was  free  from  impurities.  The  amine. 
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XXI,  was  metalated  in  dry  ether  solution  using  n-butyllithium 
(100%  excess)  for  24  hours  in  an  atmosphere  of  nitrogen  under 
anhydrous  conditions.  The  metalated  amine  was  not  isolated 
but  was  treated  with  deuterium  oxide  dispersed  in  benzene. 
Benzene  acted  as  a  diluent  to  dissipate  the  heat  of  the 
reaction.  The  deuterated  amine  (XXIII)  was  isolated  in 
94%  yield.  The  infrared  spectrum  (neat)  showed  the  normal 

absorption  bands  characteristic  of  the  amine  with  an  extra 

-1 

band  at  2270  cm  (C-D  stretching  vibration).  The  n.m.r. 
spectrum  (CC14)  matched  exactly  with  that  of  XXI  and 
indicated  that  the  phenyl  group  of  XXIII  contained  one  less 
proton  than  that  in  XXI.  The  proton  count  of  the  methine, 
1-methyl,  and  N,N-dimethyl  protons  remained  unchanged.  The 
mass  spectral  analysis  (73)  at  11  ev  showed  parent  peak 
m/e  150  and  indicated  that  the  amine,  XXIII,  contained  93 
mole  per  cent  d-^-amine.  The  amine,  XXIII,  was  subjected  to 
metalation  and  deuteration  sequence  once  more  in  the  same 
manner  as  above  and  the  deuterated  amine  (XXIV)  was  isolated 
in  94%  yield.  The  infrared  spectrum  (neat)  was  characteristic 
for  the  compound.  The  n.m.r.  spectrum  (CCl^)  matched  exactly 
with  that  of  XXI  and  XXIII  and  indicated  that  the  phenyl 
group  of  XXIV  contained  one  proton  less  than  that  in  XXIII. 

The  proton  count  of  the  methine,  1-methyl,  and  N,N-dimethyl 
protons  remained  unchanged.  The  mass  specrral  analysis  of 
XXIV  at  11.5  ev  showed  the  parent  peak  m/e  151  and  indicated 
that  XXIV  contained  70  mole  per  cent  diamine,  28  mole  per 
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cent  d^-amine  and  2  mole  per  cent  d^-amine.  As  the  isotopic 
purity  of  XXIV  was  less  than  desired,  the  compound,  XXIV, 
was  subjected  to  metalation  and  deuteration  sequence  once 
more  and  XXIV  was  isolated  in  92.5%  yield.  The  n.m.r. 
spectrum  (CCl^)  was  exactly  the  same  as  in  the  previous  case. 
The  mass  spectral  analysis  at  11.5  ev  indicated  that  XXIV 
now  contained  at  least  92  mole  per  cent  of  d2_amine.  The 
n.m.r.  spectrum  indicated  that  the  two  deuterium  atoms  are 
in  the  aromatic  nucleus  only  and  not  in  the  side  chain  of 
the  amine,  XXIV.  The  chemistry  of  the  metalation  reaction 
indicates  that  the  deuterium  atoms  are  substituted  at  o- 
and  o' -positions  of  the  amine,  XXIV.  Incidentally,  this- 
successful  dideuteration  of  the  aromatic  nucleus  offers 
strong  support  to  the  theory  (86)  that  in  the  metalation 
reaction  a  primary  nucleophilic  attack  on  the  hydrogen  atom 
of  the  aromatic  ring  by  the  carbanion  is  involved  in  a 
rate  determining  step.  From  the  results  of  the  deuteration 
experiments  it  is  calculated  that  k^/k^  is  2.71  (see 
APPENDIX  I) . 

The  amine,  XXIV,  was  converted  to  its  amine-oxide 
(rxM  by  reacting  it  with  hydrogen  peroxide  according  to 
the  method  described  by  Cope  (84)  .  The  amine-oxide,  XXV,  was 
decomposed  to  styrene-o , o 1 -d2  (XXVI)  in  76.8%  yield.  The 
infrared  spectrum  (neat)  showed  absorption  bands  characteristic 
for  styrene  and  in  addition  showed  bands  at  2270  anu  835  cm 
(C-  D  stretching  and  bending  vibrations  respectively) .  The 
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band  at  7  00  cm  found  in  the  infrared  spectrum  of  light 

styrene  moved  up  to  780  cm-1  in  the  case  of  XXVI,  indicating 

only  three  adjacent  hydrogens  in  the  aromatic  ring  (87) .  The 

n.m.r.  spectrum  (CC14)  showed  a  singlet  at  x2.79,  an  un- 

symmetrical  quartet  centered  at  t3.35  (J  =  18  cps; 

trans 

J  •  =  11  cps) ,  a  doublet  of  doublets  centered  at  t4.38 

v —  _L  o 

(Jtrans  =  18  CPS;  Jge^inai  =  2  CPS)  and  another  doublet  of 

doublets  centered  at  t4.86  (J  .  =11  cps;  J  . ,  .  =  2  cps). 

cis  ^  gemma  1  ^  ' 

The  ratio  of  the  areas  of  the  respective  peaks  was  2.9  : 

1.0  :  1.9  and  the  required  was  3.0  :  1.0  :  2.0.  The  peaks 
centered  at  t3.35,  t4.38,  and  t4.86,  are  due  to  the  protons 
in  1-position,  trans-2- ,  and  cis- 2 -positions  respectively  and 
are  exactly  the  same  as  in  the  case  of  light  styrene.  The 
peak  at  t2.79  equivalent  to  three  protons  which  is  due  to 


the  phenyl  protons  is  a  sharp  singlet  as  compared  to  the 
multiplet  for  the  corresponding  peak  in  that  of  light 
styrene  (compare  Figures  1  and  4).  The  n.m.r.  spectral 
evidence  indicated  that  the  deuterium  atoms  are  in  the 
aromatic  nucleus  and  none  in  the  side  chain.  The  mass 
spectrum  at  70  ev  showed  parent  peak  m/e  106  and  also  a 
mass  peak  of  80  (see  Figure  6)  as  compared  with  mass  peaks, 
104  and  78,  found  in  that  of  light  styrene.  The  mass  peak 
of  80  might  be  due  to  the  abundance  of  (CgH4D2)+  ion.  The 
mass  spectral  analysis  (73)  at  11.5  ev  indicated  that  XXVI 
contained  at  least  93.3  mole  per  cent  of  d^-styrene.  The 
g.l.c.  analysis  (Carbov/ax  20M,  100°)  indicated  that 
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XXVI  was  free  from  impurities.  The  chemistry  of  the 
metalation  reaction,  and  the  spectral  evidence  indicate 
that  the  deuterium  atoms  are  in  o ,o ' -position  of  the 
aromatic  nucleus  of  the  deuterated  styrene,  XXVI. 

The  corresponding  light  styrene  was  made  in  78% 
yield  by  the  decomposition  of  the  amine-oxide  of  XXI.  The 
infrared,  n.m.r.,  and*mass  spectra  matched  with  those  of 
purified  commercial  styrene  and  also  with  those  reported 
in  literature  (75  -  77).  The  deuterated  styrene  and  the 
light  styrene  were  stored  in  a  dark  and  cold  place.  They 
were  freshly  distilled  when  required  for  the  kinetic  runs. 

trans- Styrene- 2 -d  (XXIX) : 

Attempts  were  made  to  prepare  XXIX  from  trans- 
2-bromostyrene  (XXVIII).  The  compound,  XXVIII,  (containing 
2%  cis-isomer )  was  treated  with  magnesium  in  ether  and  the 
resulting  Grignard  reagent  was  treated  with  deuterium  oxide 
according  to  a  method  adopted  from  that  of  Burlant  and 
Neerman  (66) .  The  product  obtained  was  a  mixture  of  trans- 
2-  and  cis - 2 -d- styrenes  and  phenylacetylene .  Hydroboration 
and  protonolysis  sequence  .applied  to  phenylacetylene  would 
produce  the  required  XXIX  in  view  of  the  established  stereo¬ 
chemistry  of  these  reactions  (88)  .  However,  preliminary 
experiments  indicated  that  the  yield  of  styrene  was  poor 
and  it  was  contaminated  with  large  amount  of  unreacted 
phenylacetylene.  Recently,  Buza  and  Snyder  (72)  reported  the 
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synthesis  of  XXTX  by  this  procedure,  but  the  product  was 
contaminated  with  phenylacetylene  and  the  isotopic  purity 
was  only  80%.  Yoshino  (71)  reported  that  highly  pure  cis- 
and  trans-styrylmagnesium  bromides  (93%  and  95%  respectively) 
were  obtained  from  the  reaction  between  the  corresponding 
bromostyrene  and  magnesium  in  tetrahydrofuran  solvent  and 
using  ethyl  bromide  as  an  additive  in  the  reaction  mixture. 
The  reaction  of  the  Grignard  reagent  with  deuterium  oxide 
was  highly  stereospecific  and  gave  pure  deuterated  styrene. 
Therefore,  Yoshino' s  method  was  employed  for  preparing  XXIX 
and  the  sequence  of  reactions  is  shown  in  Scheme  4.  trans-2- 
Bromostyrene  (XXVIII)  was  not  readily  available  and  it  was 
made  from  tr an s -cinnamic  acid  dibromide  according  to  the 
method  of  Grovenstein  and  Lee  (89).  t r an s -Cinnamic  acid 
dibromide  (XXVII)  was  prepared  in  93.2%  yield  by  the  reaction 
between  cinnamic  acid  and  bromine.  The  compound,  XXVII, 
was  converted  to  a  mixture  of  trans-  and  cis-2-bromostyrenes 
(3  :  1)  in  60%  yield  by  decarboxylation  and  dehydrobromina- 

tion  of  XXVII.  trans -2 -Bromostyrene  was  separated  from 
its  cis-isomer  by  repeated  crystallization  from  methanol  at 
-30°  to  obtain  a  product  which  contained  98%  trans-  and  2% 
cis-isomers  (analysed  by  g.l.c.).  The  n.m.r.  spectrum  (CCl^) 
of  the  purified  product  corresponded  with  that  reported  in 
the  literature  (90).  The  compound,  XXVIII,  was  converted 
to  XXIX  in  80%  yield  by  the  method  of  Yoshino  (71) .  The 
g.l.c.  analysis  (carbowax  20M,  100°)  indicated  that  the 
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product  was  free  from  impurities  except  for  a  trace  of 

tetrahydrof uran .  The  n.m.r.  spectrum  (CCl^)  showed  a 

multiplet  centered  at  t2.75,  two  triplets  separated  by  18  cps 

centered  at  i3.35  and  a  doublet  centered  at  x4.38  (J.  = 

trans 

18  cps)  and  another  doublet  centered  at  x4.85  (J  .  =11  cps). 

C  1  s 

The  multiplet  at  t2.75  equivalent  to  five  protons  is  due  to 

% 

the  five  protons  of  the  phenyl  group,  the  two  triplets 

•  f 

centered  at  t3.35  are  due  to  the  proton  in  1-position 

coupling  with  the  trans-2-proton  (Jtrans  =  18  cps)  and 

further  coupling  with  the  cis-2-deuteron ,  the  doublet  at 

% 

i4.38  is  due  to  the  trans- 2 -proton  coupling  with  the  1-proton 

(J  =  18  cps),  and  the  doublet  at  t4,85  is  due  to  the 

u  an  s 

cis-2-proton  coupling  with  the  1-proton  (J^  e  =  11  cps) .  The 

U  J.  O 

areas  of  the  respective  peaks, were  in  the  ratio  5.0  :  1.0  : 

0.95  :  0.05.  From  the  positions  of  the  peaks  and  the- respective 
areas  of  the  peaks  it  was  concluded  that  the  compound, 

XXIX  contained  a  minimum  of  95%  trans- styrene- 2 -d  and  about 
5%  c is- styrene- 2 -d .  The  n.m.r.  spectrum  (see  Figure  5)  of 
XXIX  corresponds  with  that  of  calculated  signals  pattern 
reported  for  the  compound  by  Voshino  (71) .  The  trans -styrene- 
2-d  was  stored  in  a  cold  and  dark  place  and  was  freshly 


distilled  before  use. 
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Methods  : 


Kinetics 


The  rates  of  polymerization  of  the  styrenes  should 
be  measured  carefully  without  any  effects  of  extraneous 
factors.  The  conventional  chemical,  distillation  and 
gravimetric  methods  are  tedious  and  time  consuming.  Since 
accurate  measurements  of  polymerization  rates  could  be  made 
only  under  high  vacuum  conditions  in  order  to  avoid 
extraneous  effects  due  to  oxygen,  the  course  of  reaction  is 
most  conveniently  followed  by  utilizing  the  changes  in 
physical  properties  of  the  system  as  the  reaction  proceeds. 
Many  such  methods  of  measurements  can  be  used  without 
disturbing  the  system.  The  density  of  the  reaction  mixture 
rises  during  the  polymerization  reaction  and  this  property 
forms  the  basis  of  the  dilatometric  method  which  is  the  most 
widely  used  technique  for  measuring  the  rates  of  polymeriza¬ 
tions.  The  methods  based  on  dielectric  constant  and 
refractive  index  which  also  increase  during  the  polymeriza¬ 
tion  reaction  are  employed  sometimes  but  the  overall  change 
ib  not  greater  than  the  density  change  (91).  Changes  in  the 
intensity  of  absorption  of  ultraviolet  and  infrared  radia¬ 
tion  in  specific  regions,  which  arise  from  the  replacement 
of  the  double  bond  of  the  monomer  by  the  single  bond  of  the 
polymer,  have  also  been  used  but  are  expensive  and  are 
useful  only  in  special  studies  (91). 
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Dilatometric  method: 

The  dilatometric  method  is  very  convenient  and 
simple  for  recording  the  progress  of  the  reaction.  The 
polymerization  reaction  is  accompanied  by  a  decrease  in 
volume  and  the  density  of  the  polymer -monomer  solution  is 
a  linear  function  of  the  composition  of  the  mixture  (91) . 

However,  the  use  of  conventional  dilatometry  in  polymeriza¬ 
tion  reactions,  is  limited  by  two  main  sources  of  error. 

Firstly,  the  polymerization  reaction  cannot  be  followed  to 
higher  conversions,  as  the  increasing  viscosity  of  the 
medium  soon  causes  a  distortion  of  the  meniscus  which  makes 
accurate  readings  impossible,  and  secondly,  the  inefficient 
dissipation  of  the  heat  of  reaction  causes  an  increase  in 
the  volume  of  the  medium.  Different  types  of  dilatometers 
were  designed  (92)  to  overcome  the  disadvantages.  A 
dilatometer  designed  by  Bartlett  (93)  was  considered  satis¬ 
factory  for  the  purpose  of  the  present  work.  A  description 
of  the  dilatometer  is  given  in  Figure  11.  In  the  present 
work,  the  rates  of  polymerization  need  be  followed  only  to 
about  2-3%  conversion  as  the  initial  rates  of  polymerization 
are  of  main  interest.  This  eliminates  any  errors  in  the 
reading  of  the  meniscus  due  to  the  distortion  caused  by 
the  rising  viscosity  of  the  medium.  The  volume  of  the  dilatometer 

was  kept  small  for  decreasing  the  heat  dissipation  problem. 


s 
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Kinetic  measurements: 

In  all  cases,  the  monomer  was  fleshly  distilled  and 

checked  for  purity  by  g.l.c.  analysis  and  then  transferred 

to  the  monomer  reservoir  (see  Figure  12)  and  degassed  several 

times  to  10  ~*mm  pressure.  Trap  to  trap  distillation  of  the 

monomer  under  vacuum  and  distillation  of  the  monomer  from 

the  trap  to  the  dilatometer  reservoir  avoided  any  possible 

contamination  of  the  monomer.  This  is  very  important  as 

the  thermal  rates  of  polymerization  of  styrene  are  very 

sensitive  to  even  minutest  amounts  of  impurities  acting  as 

initiators  or  inhibitors.  The  rates  of  polymerizations 

• 

•  «* 

were  followed  at  70°  by  measuring  the  height  of  the  meniscus 

in  the  capillary  of  the  dilatometer  as  a  function  of  time 
with  the  help  of  a  precision  cathetometer .  At  least  two 
to  three  runs  were  carried  out  in  each  case.  The  readings 
were  taken  at  half  hour  intervals  for  about  12  hours  in  the 
case  of  thermal  rates.  In  the  case  of  initiated  rates 
readings  were  taken  at  200-300  second  intervals  for  a  period 
of  3600-4800  seconds.  A  typical  dilatometric  rate  data  is 
show1"'  in  Table  XIX. 

Treatment  of  data: 

The  decrease  in  the  volume  of  the  monomer  during 
the  polymerization  is  measured  by  the  decrease  in  the  height 
of  the  meniscus  in  the  capillary  as  a  function  of  time.  Thus, 
tho  cathetometer  readings  record  directly  the  change  in  the 
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height.  of  the  meniscus  in  the  capillary  of  the  dilatometer. 
The  change  in  the  height  of  the  meniscus  is  related  to  the 
change  in  density  of  the  monomer— polymer  solution  by 
equation  [9]  (94) 


[9] 


dD  =  LAP  dh 

V 


and  the  rate  of  polymerization,  R  ,  is  expressed  ,by  the 

P 

equation 


[10] 


R  =  dx  dD 

p  100  dD'dt 


substituting  for  dD  equation  [10]  can  be  written  as 


riii  -D  —  M  dX  2  A  D  dh 

J  p  100  ’dD  V  dt 

where  M  =  molarity  of  pure  monomer 
X  =  mole  per  cent  of  polymer 
D  =  density  of  the  monomer 
A  =  area  of  the  capillary 

h  =  height  of  the  meniscus  in  the  capillary 
t  =  time . 

Goldfinger  and  Lauterbach  (16)  measured  the  density 
of  styrene-polystyrene  solutions  at  different  temperatures 
and  also  reported  a  linear  relationship  between  the  density 
and  the  mole  per  cent  polymer  (up  to  1.5  mole  per  cent  polymer). 


- 


-49- 


TABLE  I  CALCULATED  DENSITIES  OF  STYRENE-POLYSTYRENE 

SOLUTIONS  AT  70° 

Density  of  styrene  at  70°  is  0.8600  g/cc.  (95) 
Density  of  polystyrene  at  70°  is  1.0388  g/cc.  (95) 


Mole  % 

Calculated  density 
of  solution 

polymer 

g/cc . 

0 

0.8600 

0.1 

0.860149 

0.2 

0.860298 

0.3 

0.860447 

0.4 

0.860596 

0.5 

0.860745 

0.6 

0.860894 

0.7 

0.861043 

0.8 

0.861193 

0.9 

0.861342 

1.0 

0.861492 

1.1 

0.861641 

1.2 

0.861789 

1.3 

0.861939 

1.4 

0.862088 

1.5 

0.862237 

From  the  slope  of  the  plot,  mole  percent  polymer  vs . 

,  _ .  dX  _  1.5 _ 

density  of  solution  (see  Figure  7)  dD  o';  002235 


Mole  Per  cent  polymer 
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Figure  7.  Plot  of  mole  per  cent  polymer  vs.  calculated 
density  of  styrene-polystyrene  solution  at 


70° 
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The  densities  of  the  styrene-polystyrene  solutions  were  not 
measured  in  the  present  work.  The  values  for  the  densities 
of  the  styrene-polystyrene  solutions  were  calculated  from 
known  values  for  the  densities  of  pure  styrene  and  polystyrene, 
assuming  ideal  behavior  of  solutions.  The  calculated  vaiues 
are  given  in  Table  1.  The  density  of  styrene  is  0.8600 
g/cc  at  70°  and  that  of  polystyrene  is  1.0388  g/cc  at  70° 

(from  the  data  of  Patnode  and  Scheiber  (95) ) .  From  the  plot 
of  the  density  versus  mole  per  cent  polymer  (see  Figure  7) 
dX/dD  was  determined;  the  value  of  1.5/0.002235  agrees  very 
well  with  a  value  of  1.5/0.00222,  computed  from  Goldfinger's 
data  (16).  The  volume  of  the  dilatometer  'volume  cell'  up 
to  the  mark  M'  in  the  capillary  was  determined  as  described 
in  the  Experimental  Section  and  was  found  to  be  6.7475  cc 
(average  of  two  determinations) .  No  correction  was  applied 
for  the  cubical  expansion  of  glass  as  this  amounted  to  less 
than  one  per  cent  correction  in  the  rate.  The  diameter  of 
the  capillary  was  not  calibrated  and  it  was  taken  as  1  mm 
according  to  the  manufacturers'  specification.  This  should 
not  affect  the  calculations  of  the  isotope  effects,  because 
g^H  the  rates  were  run  in  the  same  dilatometer  and  the 
relative  rates  were  compared.  The  uniformity  of  the  bore  of 
the  capillary  is  demonstrated  by  the  linearity  of  the  plot  of 

the  meniscus  height  decrease  versus  time. 

The  molarity,  M,  of  the  monomer  was  calculated  from 

the  expression 


i  ■  *  Li  i‘ w  "  ' 
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M  =  1000  D  • 

Molecular  weight 

where  D  is  the  density  of  the  monomer.  The  densities  of 
the  deuterated  styrenes  are  not  reported  in  literature.  These 
were  determined  during  the  respective  kinetic  runs.  The 
monomer  was  distilled  directly  into  the  'volume  cell'  of  the 
dilatometer  during  the  filling  operation  (see  Experimental 
Section).  The  volume  cell  was  filled  up  to  the  lower  mark, 

M' ,  in  the  capillary.  The  dilatometer  was  disconnected  and 
the  kinetic  run  was  carried  out  normally.  After  the  kinetic 
run,  the  outside  of  the  dilatometer  was  cleaned  and  dried 
thoroughly  and  then  weighed.  The  dilatometer  seal  was 
broken  carefully.  The  empty  dry  dilatometer  along  with 
the  broken  part  of  the  glass  tube  (cleaned  and  dried)  was 
weighed.  From  the  weight  of  the  monomer  contained  in  the 
'volume  cell'  and  the  capillary  of  the  dilatometer  and  the 
volume  of  the  monomer  contained  therein,  the  density  of  the 
monomer  is  calculated. 

The  value  of  dX/dD  for  light  styrene  and  the 
deuterated  styrenes  was  assumed  to  be  the  same. 

In  equation  [11]  the  factor 

M  dX  2  A  D 
100  dD 

is  constant  for  each  monomer.  The  value  of  tnis  constant  for 
each  monomer  was  calculated  and  is  shown  in  Table  II. 


* 
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TABLE  II  VALUES  OF  THE  CONSTANT  FACTOR  FOR  EACH  MONOMER 


Monomer 

M 

moles/1 

D  at  70° 

g/cc 

M  dX  2AD 

100  dD 

Styrene 

8.258 

0.8600 

0.7275 

Styrene-l-d 

8.234 

0.8658 

0.7303 

Styrene-2 , 2-d2 

*  8.203 

0.8709 

0.7318 

Styrene-o ,o ' -d2 

8.211 

0.8717 

0.7332 

Thus  equation  [11]  can  be  written  as 


[12] 


C  dh 
p  V  dt 


The  volume,  V,  in  each  case  was  not  the  same  because  the 
meniscus  was  not  exactly  at  the  'zero-mark'  in  the  capillary 
at  the  start  of  the  kinetic  run.  So  in  each  case,  a  volume 
correction  was  applied.  This  was  calculated  by  multiplying 
the  total  capillary  area  by  the  height  to  which  the  meniscus 
reading  was  below  the  ' zero— mark '  reading  and  subtracting 
twice  this  value  from  the  cotal  calibrated  volume.  This  new 
corrected  volume  value  was  used  for  V  in  each  case.  The 
value  of  dh/dt  was  obtained  from  the  piot  of  the  cathetometer 
readings  versus  time  in  ^ach  kinetic  run.  Some  typical 
dilatometric  rate  data  showing  the  absolute  decrease  in  the 
meniscus  height  in  one  capillary  as  a  function  of  time  for 


• 
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the  thermal  polymerizations  of  styrene  and  deuterated 

styrenes  are  shown  in  Tables  III  to  VI.  The  rate  of  thermal 

polymerization,  R^,  was  calculated  in  each  case  using 

equation  [12].  The  calculated  values  for  R  are  shown  in 

P 

Tables  VII  and  VIII.  The  subscripts  H  and  D  in  the  R 

P 

represent  the  values  for  styrene  and  deuterated  styrene 
respectively. 

The  rates  of  thermal  polymerization  of  the 
synthetic  styrene  are  in  excellent  agreement  with  that  of 
purified  commercial  styrene  (see  Table  VII) .  This  test 
demonstrates  the  high  purity  of  the  monomers  prepared, 
since  the  thermal  rate  of  polymerization  of  styrene 


is  very  sensitive  to  even  very  small  traces  of  impurities. 
This  test  checked  out  the  possibility  of  any  possible 
contamination  of  the  deuterated  styrenes  by  impurities 
resulting  from  the  synthetic  sequences  employed,  which 
could  have  affected  the  rates  of  polymerizations  of  the 
deuterated  styrenes.  Therefore,  the  isotope  effects  observed 
were  not  due  to  any  adventitious  impurities  present  in  the 
deuterated  styrenes. 

The  average  value  of  R  for  all  the  light  styrenes 

P 

is  used  as  R  for  the  calculation  of  the  isotope  effects  in 

pH 

the  case  of  thermal  polymerization  rates.  The  calculated 

values  of  R  U/R  n  are  shown  in  Table  VIII.  The  rates  of 
pH  pJJ 

thermal  polymerisation  of  styrene  and  deuterated  styrenes  can 
be  compared  graphically  as  shown  in  Figure  8. 

In  the  case  of  AIBN  initiated  runs ,  the  rates  were 


. 
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TABLE  III  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  THERMAL 


POLYMERIZATION 

OF  STYRENE  AT  70°. 

Run  No.  66 

% 

Time 

Decrease  in  the 

• 

in  hours 

f 

height  of  meniscus  in  cm. 

0 

0 

in 

• 

o 

0.054 

% 

1.0 

0.139 

2.0 

0.304 

3.0 

0.459 

3.5 

0.534 

4.0 

0.609 

5.0 

0.764 

6.0 

0.914 

6.5 

0.994 

7.0 

1.064 

7.5 

1.134 

8.0 


1.220 


. 
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TABLE  IV  TYPICAL  DILATOMETRIC 

RATE  DATA  FOR  THERMAL 

POLYMERIZATION  OF 

STYRENE-l-d  AT  70° . 

Run  No .  14  ' 

Time 

Decrease  in  the 

in  hours  height  of  meniscus  in  cm. 


0 

0 

1 

0.153 

• 

2 

0.300 

3 

0.445 

4 

0.608 

5 

0.76 

6 

0.913 

7 

1.064 

8 

1.215 

9 

1.362 

10 

1.512 

11 

1.67 

12 

1.815 
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TABLE  V  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  THERMAL 
POLYMERIZATION  OF  STYRENE-2 , 2 -d2  AT  70°. 


Run  No.  61 


Time 


Decrease  in  the 


hours 

height  of  meni 

0 

0 

0.5 

0.11 

o 

• 

i — 1 

0.21 

1.5 

0.305 

2.0 

0.4 

2.5 

0.49 

3.0 

0.596 

3.5 

0.695 

4.0 

0.792 

4.5 

0.895 

5.0 

0.99 

5.5 

1.095 

6.0 

1.19 

6.5 

1.285 

7.0 

1.39 

7.5 

1.48 
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TABLE  VI  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  THERMAL 
POLYMERIZATION  OF  STYRENE-0 ,0’ -d2  AT  70°. 


Run  No.  52  ' 


Time 

in  hours 
0 

0.5 

0.75 

1.25 

1.75 

2.25 

2.75 

3.25 
4.0 

4.75 

5.25 

6.25 

7.25 

7.75 

8.75 

9.25 

9.75 


Decrease  in  the 
height  of  meniscus  in  cm. 

0 

0.062 

• 

0.105 

0.26 

0.215 

0.265 

0.330 

0.390 

0.49 

0.575 

0.630 

0.760 

0.880 

0.940 

1.080 

1.135 

1.190 


10.25 


1.260 


3 


« 

* 
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TABLE  VII  THERMAL  POLYMERIZATION  RATE  OF  STYRENE  AT  70°. 


Monomer 

Run  No. 

dh/dt 

cm/hr 

,  R  „  x  106 

R  „  x  106  pH 

pH 

r  ^  ^  average 

moles  1  sec 

moles  1  isec 

ox.  a 

Styrene 

5 

0.156 

4.673 

6 

0.15 

4.506 

7 

0.152 

4.557 

(8) 

(0.175) 

.  (5.25) 

9 

0.162 

4.865 

43 

0.154 

4.617 

4.633*0.09  . 

66 

0.153 

4.582 

_ ,  b 

Styrene 

10 

0.16 

4.79 

11 

0.16 

4.79 

12 

0.156 

4.678 

4.701*0.1 

13 

0.151 

4.528 

_ ,  c 

Styrene 

57 

0.162 

4.788 

59 

0.16 

4.682 

4.735*0.053 

d 

jcyrene 

32 

0.154 

4.619 

33 

0.161 

4.839 

4.655*0.122 

49 

0.15 

4.508 

Average 

4.681*0.05 

a  Purified  commercial  styrene 
b  Prepared  according  to  Scheme  1 

..  ii  i*  9 


Figures  in  parenthesis  are  not  taken  into  consideration. 


,  -,..r  '* 


* 


' 
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TABLE  VIII  THERMAL  POLYMERIZATION  RATES  OF  DEUTE RATED 

STYRENES  AT  70  . 


Monomer 

Run 

dh/dt 

R  *106 
pD 

moles 

R  nxl06 
pD 

average 

R  * 
pH 

No. 

cm/hr 

T-l  -1 

1  sec 

moles 

,-1  -1 

1  sec 

R  r, 

pD 

Styrene-l-d 

14 

0.152 

4.565 

21 

0.151 

4.52 

23 

0.156 

•  4.73 

64 

0.163 

4.9 

*4.681* 

1.0 

0.139 

Styrene-2 ,^-^2 

60 

0.197 

5.97 

61 

0.1974 

5.975 

5.973.* 

0.78 

0.003 

Styrene-0-0 '  -6-2 

51 

0.12 

3.632 

52 

0.1217 

3.673 

53 

0.1167 

3.539 

3.615* 

1.30 

0.05 

a  R  „  =  4.681  x 
pH 

10-6 

moles  1 

-1  -1 

sec 

(see  TABLE 

VII)  . 
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TABLE  IX  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  AIBN 

INITIATED  POLYMERIZATION  OF  STYRENE  AT  70°. 

Run  No.  17  [AIBN]  =  0.003792  M 


Time  Decrease  in  the 

in  seconds  height  of  meniscus  in  cm. 


0 

0 

700 

0.64 

1080 

0.99 

1380 

1.26 

1760 

1.63 

2000 

1.86 

2370 

2.20 

2730 

2.54 

3000 

2.80 

3300 

3.06 

3620 

3.36 

3920 

3.64 

4220 

3.91 

4640 

4.27 

* 
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TABLE  X  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  AIBN 

INITIATED  POLYMERIZATION  OF  STYRENE- 1-d  AT  70°. 


Run  No.  25-  [AIBN]  =  0.003792  M 


Time 

in  seconds 

Decrease  in  the 

height  of  meniscus  in  cm. 

0 

0 

620 

0.61 

9 

830 

0.865 

1030 

1.09 

1175 

1.27 

1370 

1.50 

1560 

1.72 

1775 

1.96 

1960 

2.15 

2155 

2.37 

2310 

2.54 

2500 

2.74 

2700 

2.96 

2910 

3.18 

3140 

3.42 

3335 

3.63 

3565 

3.87 
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TABLE  XI  TYPICAL  DILATOMETRIC 

RATE  DATA  FOR  AIBN 

INITIATED  POLYMERIZATION 

OF  STYRENE-2 ,2-d2  AT  70° 

Run  No.  63  [AIBN]  = 

0.003792  M 

Time 

Decrease  in  the 

in  seconds  height  of  meniscus  in  cm. 


0 

0 

550 

0.6 

730 

0.835 

940 

1.125 

1050 

1.265 

1160 

1.41 

1280 

1.55 

1450 

1.79 

1600 

1.965 

1700 

2.07 

1800 

2.21 

1930 

2.345 

2290 

2.805 

2510 

3.06 

2720 

3.315 

2980 

3.585 

3200 

3.86 

' 


j 

* 

< 
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TABLE  XII  TYPICAL  DILATOMETRIC  RATE  DATA  FOR  AIBN 

INITIATED  POLYMERIZATION  OF  STYRENE-o , o ' -d?  AT  70° 

Run  No.  55  [AIBN]  =  0.003792  M 

Time'  Decrease  in  the 

in ‘seconds  height  of  meniscus  in  cm. 

0  0 

500  0.44 

% 

750  0.69 


1000 

0.94 

1150 

1.075 

1260 

1.205 

1550 

1.490 

1660 

1.59 

1860 

1.785 

2320 

2.210 

2450 

•  2.340 

2560 

2.435 

2730 

2.595 

2960 

2.810 

3260 


3.080 
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measured  at  identical  initiator  concentration  in  styrene  and 

deuterated  styrei  es.  No  initiated  runs  were  carried  out 

with  synthetic  light  styrene,  because  the  thermal  rates  on 

the  light  styrenes  have  demonstrated  that  the  deuterated 

styrenes  were  pure.  Some  typical  dilatometric  rate  data 

showing  the  absolute  decrease  in  the  height  of  the  meniscus 

in  one  capillary  as  a  function  of  time  for  the  initiated 

rates  of  polymerization  of  styrene  and  deuterated  styrenes 

are  given  in  Tables  IX  to  XII.  The  initiated  rates  of 

polymerization,  R' ,  were  calculated  using  equation  [12], 

P 

The  values  for  and  R^D  and  R^/R^p  are  given  in  Table 

XIII.  The  rates  of  initiated  polymerizations  of  styrene  and 
the  deuterated  styrenes  are  compared  graphically  in  Figure  9 
A  straight  comparison  of  the  values  of  R^/R  D  and 
RpH/R^D  does  not  give  any  coherent  picture  regarding  the 
mechanism  of  the  initiation  step  in  the  thermal  polymeriza¬ 
tion  of  styrene  and  one  has  to  explain  the  different  values 
obtained  in  the  different  deuterated  styrenes.  The  observed 

values  of  R  TT/R  ^  are  due  to  a  cummulative  effect  of  primary 
pH  pD 

and  secondary  deuterium  kinetic  isotope  effects  involved 
in  the  initiation,  propagation  and  termination  processes  in 
the  polymerization  of  the  styrenes.  So  it  is  necessary  to 
evaluate  the  true  isotope  effects  involved  in  the  individual 
steps  of  the  polymerization  of  the  different  deuterated 
styrenes . 


W-*  ^ 
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TABLE 


Monomer 


Styrene 


Styrene 


Styrene 


Styrene 


XIII  AILN  INITIATED  PATES  OF  POLYMERIZATION  OF 
STiKENE  AND  DEUTERATED  STYRENES  AT  70°. 


[AIBN]  =  0.003792  M 


Run 

No. 

dh/dt 

cm/sec . 

xlO3 

R'  or 
pH 

R'  x  104 
pD 

Moles  1  ^sec  ^ 

R'  or 
PH 

RpD 

4 

xiO 

Average 

RPH 

RpD 

17 

0.93 

1.003 

18 

0.94 

1.013 

19 

0.913 

0.984 

26 

0.99 

1.07 

27 

0.943 

1.019 

1.018 
±0 . 02 

1 

1 — 1 

20 

1.105 

1.196 

24 

1.08 

1.17 

25 

1.095 

1.188 

65 

1.098 

1.189 

1.186 

±0.008 

0.858 

2,2-d2 

62 

1.135 

1.231 

63 

1.20 

1.291 

1.261 

±0.036 

0.810 

CM 

TS 

1 

ol 

ol 

54 

0.98 

1.069 

55 

0.95 

1.035 

1.052 

0.968 

±0.017 


- 

• 

v.  i 

Decrease  in  height  (cm) 


68 


0  4 

Figure  9. 


8  12  16  20  _2  24  28  32 

Time  (sec.)  x  10 

Plots  of  absolute  decrease  in  the  height  of  meniscus  vs. 
time  for  typical  AIBN  initiated  pclyiueri zation  rates 
of  styrene  and  deuterated  scyrenes  at  70°. 

0—@—0  styrene/  A— A— A  styrene- 1— d/  x— x— x  styrene- 2 / 2- d2 

e-o-o  styrene-o ,o ' -d2 


r 


X 


« 
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Treatment  of  the  kinetic  isotope  data : 


It  has  been  shown  earlier  (see  Introduction,  page  8) 
that  the  rate  of  initiated  polymerization,  R',  is  given  by 


[5] 


h 


R.'  = 

P 


k  (k  ,f  I)  [M] 
p  d 


and  that  the  rate  of  thermal  polymerization,  R  ,  (assuming 
•  •  P 

.a  third-order  initiation  step)  is  given  by 


[8] 


R 

P 


k  (k  .  )  ^  [M]  ^ 

p  i 

(\)h 


(See  Introduction, 
Page  12) 


where  M 


concentration  of  the  monomer 
concentration  of  the  initiator 

fraction  of  radicals  responsible  for  initiation 
rate  constant  for  the  decomposition  of  the  initiator 
rate  constant  for  the  propagation  reaction 
rate  constant  for  the  termination  reaction 
rate  constant  for  the  thermal  initiation  reaction. 


l 

If  the  initiated  rates  of  polymerization  of  light 
styrene  and  the  deuterated  styrenes  are  compared  under 
identical  initiator  concentrations/  then  the  ratio  of  such 
rates  can  be  written  as 


^ktD^  ^kdH  f H  *-MH^ 

<ktH^(kdD  f D  r^[V 


[13] 
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where  the  subscript  H  and  D  represent  the  cases  of  light 

styrene  and  deuterated  styrenes  repsectively .  Since  the 

rate  of  decomposition  of  AIBN  is  independent  of  solvent 

(96,  97)  it  can  be  assumed  in  the  present  case  that  kjTT  =  kjT^. 

dH  dD 

The  fraction,  f,  i . e . ,  the  efficiency  of  initiation,  could 
be  different  in  styrene  and  in  deuterated  styrenes,  because 
of  the  possible  isotope  effect  in  a  reaction  of  the  type: 


(D)H  H(D)  (D)  H  . 

R-  +  C=Cn  +  R-C-C-C.H 

(D)H'  'CgH5  (D)  H  H (D;  b 


where  R*  is  the  radical  produced  by' the  decomposition  of 
AIBN.  This  effect  might  lead  to  lower  efficiency  of  the 
initiator  in  the  case  of  styrene  as  compared  to  that  in 
the  case  of  the  deuterated  styrene,  due  to  mutual  termination 
of  radical  pairs  formed  from  the  AIBN.  However,  as  pointed 
out  by  Manabe  (98)  these  effects  would  be  very  small  at 

_3 

initiator  concentrations  of  10  M  and  could  be  neglected. • 
Therefore  equation  [13]  can  be  written  as: 


[ 13-A] 


^ktp* 


[V 

[md] 


The  termination  of  polystyryl  radicals  is  exclusively  by 
combination  and  the  activation  energy  for  the  termination  step 
in  the  polymerization  reactions  is  in, the  order  of  1—2  kcal./mole. 
The  isotope  effects  in  such  reactions,  which  are  very  fast, 
are  insignificant  (99)  and  if  can  be  assumed  that  k^  =  k^ 


* 
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Thus  equation  [13-A]  reduces  to 


[14] 


RpH  ~  kpH  [MH] 


RpD 


kpD  [MD] 


Substituting  the  values  for  R^/R^  and  M^/M^  in  equation  [14]  , 

the  value  for  k  jj/k  D,  i . e .  ,  the  isotope  effects  involved  in 

the  propagation  reaction,  can  be  calculated  for  the  respective 

.  • 
deuterated  styrenes. 

In  a  similar  manner  as  above,  the  following 

•) 

equation  can  be  written  for  rates  of  thermal  polymerization 

% 

of  styrene  and  deuterated  styrenes 


R 


[15] 


PH 


R 


PD 


juuatituLiuy  jh-u-  ^pH'  ^pD 

[15]  can  be  written  as 


R 


[16] 


R 


pD 


or,  it  can  be  written  as 

k 


[17] 


iH 


'iD 


k 

pH 

k 

pD 

(kiD)J5(ktH)!5[MD] 

• 

from 

equation  [13-A] 

RPH 

(k.n)’5  IHJ* 

RpD 

(kiD)^  [md]^ 

(R  „ 
pH 

'J^L 

5 

^2 


5 

3fZ 


(RpH/RpD> 2  (l VV 


’R  R'/R*  and  in 

pH'  pD'  pH7  pD  H  D 


Substituting  the  values  for  R 


*  f  — 


• 

•  •• 
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cquation  [17]  the  value  for  k  .  ^/k  .  i.e. ,  the  isotope 

effect  involved  in  the  thermal  initiation  step  in  the  thermal 

polymerization  of  the  respective  deuterated  styrenes,  can 

be  calculated.  The  calculated  values  for  k  TT/k  _  and  k .  TT/k .  ^ 

pH  pD  iH  lD 

are  given  in  Table  XIV. 

The  data  in  Table  XIV  indicate  that  the  propagation 

reaction  exhibits  an  .inverse  isotope  effect  (k  <k  in  the 

c  pH  pD 

polymerization  of  all  the  deuterated  styrenes  examined. 

The  propagation  reaction  in  the  styrene  polymerization  fakes 
place  by  the  addition  of  the  growing  radical  to  the  styrene 
molecule  and  no  C-H  bond  breaking  is  involved.  Therefore, 
the  observed  isotope  effects  in  the  propagation  reaction 
should  be  secondary  kinetic  isotope  effects. 

The  initiation  step  in  the  thermal  polymerization 
showed  different  kinetic  isotope  effects  for  the  different 
deuterated  styrenes.  In  the  thermal  initiation  reaction 
where  the  radicals  are  produced  by  the  interaction  of 
styrene  molecules  alone,  a  C-H  bond  breaking  may  be  involved. 
In  such  a  case,  one  would  expect  to  find  a  primary  kinetic 
isotope  effect  in  the  appropriate  deuterated  styrene  system. 

A  kinetic  isotope  effect  of  1.86  in  the  case  of  the  styrene- 
0,  o' -d2  system  cannot  be  a  secondary  deuterium  kinetic 
isotope  effect,  because  ring  deuteration  does  not  give  rise 
to  secondary  kinetic  isotope  effects  so  large  in  reactions 
=ic  the  side-chain  and  at  maximum  can  be  no  more  than  1.04 
(vide  infra) .  The  isotope  effect  observed  in  the  case  of 


V 

. 
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TABLE  XIV  DEUTERIUM  ISOTOPE  EFFECTS  IN  THE  POLYMERIZATION 

REACTIONS  OF  STYRENE  AT  70°. 


Monomer 

R' 

pH 

R' 

pD 

"pH 

kpD 

RPH 

RpD 

kiH 

kiD 

Styrene-l-d 

% 

0.86 

0.85 

1.0 

'1.33 

1 . 3 4a 

Styrene-2 , 2-d^ 

0.81 

0.80 

0.78 

0.92 

% 

0 . 91a 

Styrene-0,0 '  -d.2 

0.97 

0.96 

1.3 

1. 86a 

a 


Corrected  to  100% 
expression  (100): 

kH 

kH(l-x)+kD 


isotopic  purity  using  the  following 


(x) 


observed 


where  x  is  per  cent  deuterium  compound. 


X 

•* 
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the  styrene-l-d  system  is  1.34  and  this  could  be  either  a 
primary  or  secondary  kinetic  isotope  effect.  The  significance 
of  the  observed  isotope  effects  and  the  consequence  of  these 
results  are  discussed  in  the  following  pages. 

*  DISCUSSION 

Before  rationalizing  the  observed  deuterium 
kinetic  isotope  effects  in  the  propagation  and  the  thermal 
initiation  reactions  for  the  polymerization  of  styrene,  it 
would  be  proper  to  survey  briefly  some  primary  and  secondary 
deuterium  kinetic  isotope  effects  observed  “in  some  related 
systems. 

Primary  deuterium  kinetic  isotope  effects: 

Many  authors  (101,  102)  have  reviewed  the  subject 

of  deuterium  isotope  effects  as  applied  to  organic  reactions 

involving  a  C-H  bond  breaking.  It  was  predicted  that  hydrogen 

and  deuterium  compounds  should  react  at  different  rates, 

because  of  the  differences  in  the  zero-point  energies  of  the 

C-H  and  C-D  bonds  which  will  result  in  a  difference  in  the 

height  of  the  potential  energy  barrier  for  the  reaction. 

The  difference  in  zero-point  energy  for  the  C-H  and  C-D 

bonds  is  hv„  -  hv^  =  1.15  kcal./mole.  The  stretching 

vibration  becomes  a  degree  of  translation  motion  and  is 

lost  in  the  transition  state.  Thus  hv*  -  hv*  =  0,  where 

v*  and  v*  represent  the  stretching  vibrations  of  the  C-H 
H  D 


. 


. 
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and  C-D  bonds  in  the  transition  state.  The  activation 
energy  difference  for  the  reaction  is  then  equal  to  the 
zero-point  energy  difference  of  the  reactants,  which  is 
1.15  kcal./mole.  This  difference  in  the  energy  corresponds 
to  a  factor  of  seven  in  the  rate  at  25°  (102).  In  many  cases 

the  isotope  effect  observed  is  less  than  calculated.  Wiberg 
(101)  indicated  that  the  reaction  should  be  considered  as 
a  three-centered  process  in  which  the  new  bond  is  being 
formed  as  the  old  bond  is  broken.  In  this  case  there  will 
be  a  contribution  of  the  zero-point  energy  in  the  activated 
complex,  which  will  in  part  cancel  the  difference  in  the  zero 
point  energy  of  the  reactants.  On  this  basis  he  predicted 
that  the  minimum  primary  kinetic  isotope  effect  that  might 
be  expected  is  1.4  (k  /k  ) . 

n  u 

Secondary  deuterium  isotope  effects: 

Many  reviews  on  the  subject  have  appeared  in 
literature  (103,  104).  Secondary  isotope  effects  are 
divided  into  two  main  types;  (i)  secondary  deuterium  isotope 
effects  of  the  'first  kind'  or  a-deuterium  isotope  effects, 
in  which  the  deuterium  atom  is  substituted  on  a  carbon  atom 
which  undergoes  a  change  of  hybridization  as  the  reaction 
proceeds,  and  (ii)  those  of  the  'second  kind'  or  $-deuterium 
isotope  effects,  and  y-deuterium  isotope  effects,  in  wh.'ch 
the  deuterium  is  substituted  on  a  carbon  atom  3^ Y  bo  the 
reaction  center  respectively.  The  6-  and  y-  carbon  atoms 


■ 
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TABLE  XV  SOME  DEUTERIUM  KINETIC  ISOTOPE  EFFECTS 


System  k 

H^D 

Reference 

A. 

Primary  kinetic  isotope  effects 

1. 

Oxidation  of  ethanol  by  bromine 

4 

(106) 

2. 

CH  CHD(CH  )  NCH  +  free  radical 

J  Cl 

cyclization 

3.5 

(107) 

3. 

CH^CH2CD2CH2S (CH3) ^elimination 

3.5 

(108) 

4. 

C^-H^CD^S  (CH-.)  --^-elimination 
b  5  2  Jo 

3.0 

'(109) 

5. 

Cannizzaro  reaction 

1-* 

• 

00 

(110) 

6. 

Oxidation  of  isopropyl  alcohol 

by  triphenyl  cation 

1.8-2. 

6  (111) 

7. 

Free  radical  halogenation  of 

CfiH  CD^ 

J  '  Chlorination 

1.3-2 

(112,113) 

Bromination 

4.6 

(112) 

S02C1*  radical 

1.4 

( 112 ) 

8. 

Free  radical  bromination  by 

N-bromosuccinimide 

of  toluene 

4.9 

(112) 

ethylbenzene 

2.7 

(112) 

cumene 

1.8 

(112) 

B. 

Secondary  kinetic  isotope  effects 

- : 

1. 

Addition  reaction  to  double  bonds 

variety  of  reaqents  to  trans- 

stilbene-d- 

z 

0.88 

(114) 

2. 

C/rHcCD=CD0  +  CH-  •  radicals 

6  5  2  J 

0.9 

(115) 

*• . 
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TABLE  XV  (continued) 


System 


k-Vk  Reference 
n  L) 


3.  a-Deuterium  effects  in  solvolysis 
Cyclopropy lme thy l-d^ -benzene - 
sulfonate 

Cyclopentyl -1-d-tosy late 
Cyclohexyl-l-d-tosy late 


D 


D 


4.  C^-H- -C  -N=N-C  +  C.H^-C*  ' 

6  5  ch3  6h3  6  5  65  ch3 

5.  3-Deuterium  effects  in  acetolysis 
of  3-d-cyclopentyitosylates 


1.3 


(116) 


1.15  (116) 

1.19  (116) 

1.27  (105) 


cis-2-d^ 

1.22 

(117) 

trans-2-d^ 

1.16 

(117) 

2,2,5,5-d4 

2.06 

(117) 

6. 

3-Deuterium  effect  in  the  thermal 

decomposition  of  Azobis-a-phenyl- 

ethane 

1.115 

(118) 

7. 

9H3  ch3 

C,Hc  -  C  -  H  +  RO*  0  -*•  C,H,_  -  C •  +  RO 0 H 
6  5  CH2D  2  6  5  CA2D  2 

1.1 

(119) 

G 

Effect  of  nuclear  deuteration  on 

Nitration  of  nitrobenzene-d5 

1.07 

(120) 

9. 

nh2  +  c6h5-?-ci 

0.93 

(121) 

D  (ortho  or  para) 
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do  not  undergo  re-orientations  during  tht,  reaction.  In 

effects  of  the  'first  kind'  it  has  been  predicted  that  the 

substitution  of  deuterium  on  a  carbon  which  undergoes  a 

3  2 

change  of  hybridization  from  sp  to  sp  produces  an  isotope 
effect  of  ku/k  =  1.11  and  substitution  of  deuterium  on  a 

n  D 

2 

carbon  atom  undergoing  a  change  of  hybridization  from  sp 
3 

to  sp  produces  an  isotope  effect  of  a  similar  magnitude 
but  in  the  reverse  order,  i.e.,  k^/k^  =  0.9  (inverse  isotope 
effect).  Isotope  effects  of  the  'second  kind'  have  been 
observed  in  many  systems  and  are  in  the  same  general  direction 
as  above.  The  effects  of  the  'first  kind'  have  been  rationalized 
as  mainly  arising  from  the  zero-point  vibrational  energy- 
changes  during  the  course  of  the  reaction  (104).  The 
effects  of  the  'second  kind'  have  been  attributed  to  hyper- 
conjugative  and  inductive  effects  (103). 

Primary  and  secondary  deuterium  kinetic  isotope 
effects  have  been  studied  mostly  in  ionic  reactions,  but  it 
has  been  argued  that  they  should  be  of  a  similar  nature  in 
radical  reactions  also  (105).  Some  primary  and  secondary 
isotope  effects  observed  are  taken  from  literature  and  are 
listed  in  Table  XIV. 

In  the  light  of  the  above  brief  introduction  and 
the  examples  cited  in  the  Table  XV,  the  observed  deuterium 
kinetic  isotope  effects  in  the  styrene  polymerization  reaction 
and  the  thermal  initiation  reaction  of  styrene,  can  re 


discussed . 


t 

t 


' 
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Secondary  deuterium  isotope  effects  in  the  propagation  reaction: 

Inverse  isotope  effects  are  observed  for  the 

propagation  reaction  in  the  polymerization  of  all  the 

deuterated  styrenes  studied.  Recently  Pryor  and  coworkers 

(63)  have  also  reported  inverse  deuterium  isotope  effects 

for  the  propagation  reaction  in  the  polymerization  of 

1-d-,  2,2-6.^-,  and  ring-d^-  styrenes.  The  isotope  effects 

observed  in  the  p*resent  work  can  be  rationalized  as  secondary 

deuterium  isotope  effects  of  the  'first  kind'.  If  the  transition 

states  for  the  respective  propagation  reactions  are  considered, 

it  can  be  seen  that  the  center  at  which  the  deuterium  is 

substituted  is  undergoing  a  change  of  hybridization  from 
2  3 

sp  to  sp  .  Thus,  in  the  case  of  the  styrene-l-d  system 
the  propagation  sequence  is  written  as  follows: 


2 

If  radicals  are  considered  as  sp  hybridized,  then  the  carbon 
atom  bearing  the  radical  center  at  which  the  deuterium  atom 
is  substituted  is  undergoing  a  change  of  hybridization  from 
sp^  to  sp^ .  The  inverse  isotope  effect,  k  ^/k^^  —  0*85/ 
observed  in  the  present  work  is  in  agreement  with  the  value 
of  0.9  reported  by  Pryor  (63) f  and  also  with  the  value  of 
0.88  observed  by  Denny  and  Tunkex  (114)  for  addition  of 


— 


' 
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variety  of  reagents  to  trans-stilbene-cU . 

In  the  case  of  the  styrene-2 , 2-d2  system  the  propaga¬ 
tion  reaction  is  written  as  below: 


D 


D 


C6H5  D 


C,Hc  D 

D  D  \ 


* 


C6H5 


->  \jv - C 


D 


H 


D 


C6H5 


H 


D 


In  this  case,  the  observed  isotope  effect,  k  TT/k  „  =  0.8 

c  pH  pD 

is  in  close  agreement  with  the  predicted  value  of  0.81 

(taking  that  two  deuterium  atoms  are  involved  in  the  change 

2  3 

of  hybridization  from  sp  to  sp  at  the  reaction  center.)  A 
value  of  0.88  was  reported  by  Pryor  (63). 

In  the  case  of  the  styrene-o ,o ' -d^  system  the 
propagation  reaction  can  be  written  as  below: 


The  observed  isotope  effect,  k  p/k  ^  =  0.97,  in  the  case  of 
the  styrene-o , o ' -d2  system  is  vary  small.  The  effect  of 
nuclear  substitution  of  deuterium  on  the  rate  of  reaction 


* 
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in  the  side-chain  is  generally  very  small.  It  is  reported 
that  nuclear  deuteration  in  the  ortho-  and  para-positions 
of  aniline  increases  its  reactivity  towards  benzoyl  chloride 
and  k^/kp  =  0.93  (121).  The  shorter  C-D  bond  length, 
better  electron  delocalization  in  the  protium  compound  than 
in  the  deuterium  analogue  are  the  reasons  attributed  for 
the  observed  inverse  isotope  effect  in  the  above  case.  On 
a  similar  basis  the  small  inverse  isotope  effect  observed 
in  the  case  of  the  styrene-o , o ' ~&2  sYstem  can  explained. 

Mechanism  of  the  initiation  step  in  the  thermal  polymerization 
of  styrene: 

Mayo  (42)  showed  that  the  formation  of  high 
molecular  weight  polymer  in  the  thermal  polymerization  of 
styrene  results  from  monoradicals  produced  in  a  termolecular 
reaction  of  styrene.  Hiatt  and  Bartlett  (60)  demonstrated 
convincing  evidence  for  a  third-order  mechanism  for  the 
thermal  initiation  of  styrene  polymerization. 

The  following  mechanisms  are  considered  for  a 
third-order  thermal  initiation  reaction  of  styrene  to  give 
rise  to  two  monoradicals  (see  Mechanisms  Chart) . 

Mechanism  1:  This  was  proposed  by  Hiatt  and  Bartlett  (60). 
According  to  this  mechanism,  1 , 4-diphenylbutadiyl  diradical 
(III)  is  the  binary  association  product  formed 
reversibly  between  two  molecules  of  styrene  and  this 
diradical  could  donate  a  hydrogen  atom  in  a  slow  step  (^^ 
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to  the  third  molecule  of  styrene  to  give  rise  to  two 
monoradicals,  (VII)  and  (VI). 

Mechanism  II:  It  is  considered  in  this  mechanism  that  the 
diradical.  III,  formed  reversibly  between  two  molecules 
of  styrene  could  abstract  a  hydrogen  atom  from  the  third 
molecule  of  styrene  in  a  slow  step  (b^)  to  give  rise  to 

two  monoradicals,  (Vila)  and  (Via). 

•  • 

Mechanism  III:  This  was  proposed  by  Mayo  and  Hiatt  and 

Bartlett  (60) .  According  to  this  mechanism,  a  Diels- 

Alder  type  of  intermediate  (IV)  might  be  formed  reversibly 

between  two  molecules  of  styrene  and  that  this  intermediate 

could  loose  a  hydrogen  atom  from  the  C^q  position  in  a  slow 

step  (k~)  to  the  third  molecule  of  styrene  to  give  rise  to 
^  . 

two  monoradicals,  (VIII)  and  (VI). 

Mechanism  IV:  This  mechanism  is  considered  by  Hiatt  and 
Bartlett  (60) .  According  to  this  a  charge  transfer  complex 
(V)  formed  reversibly  between  two  molecules  of  styrene 
could  react  with  the  third  molecule  of  styrene  in  a  slow  step 
(k^)  to  give  rise  to  two  monoradicals,  (VI)  and  (VII)  or  (VIII) . 

In  all  the  mechanisms  outlined  above,  a  C-H  bond 
is  broken  in  a  slow  step  and  thus,  the  kinetic  isotope  studies 
with  the  appropriate  deuterated  styrenes  should  give  an 
indication  as  to  which  mechanism  is  operating.  In  Mechanism 
IV,  two  molecules  of  styrene  preliminary  to  the  formation 
of  III  or  IV  are  in  equilibrium  with  the  charge  transfer  complex. 


•  '  !  I 

•  . 

< 


Mechanisms  Chart 


Mechanism  1: 


H 


+ 


slow 


Mechansim  II: 


+ 


Mechanisms  Chart  (Contd.) 


Mechanism  III: 


Mechanism  IV: 
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V.  This  cannot  be  verified  experimentally. 

The  kinetic  isotope  effects  for  the  thermal 
initiation  step  (k^)  in  the  thermal  polymerization  of  the 
deuterated  styrenes  are  given  below  (from  Table  XV) .  These 
results  will  be  discussed  in  the  light  of  Mechanisms  I,  II 
and  III 


kiH//kiD 

Styrene-l-d 

1.34 

Styrene-2 , 2-d^ 

0.91 

Styrene-o ,o ' -d^ 

1.86 

Consider  Mechanism  I,  in  which  a  S-C-H  bond  is 
broken  in  the  1 , 4-diphenylbutadiyl  diradical  intermediate 
in  a  slow  step.  If  this  were  true,  one  should  observe  a 
primary  kinetic  isotope  effect  in  the  case  of  styrene-2 , 2-d^ . 
The  observed  value  for  k^/k^  is  0.91.  The  isotope  effect 
observed  in  this  case  cannot  be  a  primary  kinetic  isotope 
effect  and  it  can  be  concluded  that  no  g-C-H  bond  breaking 
is  involved.  Also,  if  Mechanism  I  were  operating,  the  styrene- 
1-d  system  should  not  give  rise  to  any  appreciable  secondary 
deuterium  isotope  effects,  because  the  change  of  hybridiza¬ 
tion  in  the  hydrogen  transfer  step  in  the  styrene-1.  J.  system 
is  not  very  significant.  However,  the  observed  isotope 
effect  in  the  case  of  styrene-l-d  system  is  1.34.  For  a 
similar  reasoning,  the  styrene-o , o' -d2  system  should  rot 
show  any  appreciable  isotope  effect,  but  the  observed  isotope 


.  *• 
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effect  in  this  case  is  1.86.  Therefore,  Mechanism  I  can 
be  ruled  out. 

Consider  Mechanism  II  in  which  the  C^-H  bond  is 

broken  in  the  styrene  molecule  in  a  slow  step.  If  Mechanism 

II  were  operating  one  should  observe  a  primary  kinetic 

isotope  effect  in  the  styrene-l-d  system.  The  observed 

value  for  k .  TT/k .  _  in  -this  case  is  1.34  and  is  just  a  border- 

line  case  for  a  primary  and  secondary  kinetic  isdtope  effect. 

If  the  observed  isotope  effect  in  this  case  is  a  primary  kinetic 

isotope  effect  and  Mechanism  II  is  operating,  then  the 

styrene-2 , 2-a2  system  should  exhibit  a  small  secondary 

deuterium  isotope  effect  of  k .  /k .  greater  than  unity.  This 

In  ID 

might  be  so,  because  the  developing  1 , 4-diphenylbutadiyl- 
d4  diradical  is  less  stable  than  the  1 , 4-diphenylbutadiyl- 
diradical  due  to  hypercon jugative  stabilization  reasons. 

In  fact,  the  observed  isotope  effect  in  the  case  of  the 
styrene-2 ,2-d2  system  is  only  0.91.  Also,  the  observed 
isotope  effect  of  1.86  in  the  case  of  the  styrene-o ,o ' -d2 
system  is  too  high  to  be  a  secondary  deuterium  isotope 
effect  if  Mechanism  II  is  operating.  Thus,  Mechanism  II 
is  ruled  out  and  the  isotope  effect  observed  in  the  case  of 
the  styrene— 1— d  system  must  be  a  secondary  deuterium  isotope 
effect . 

Consider  Mechanism  III,  in  which  the  C1Q-H  bond 
is  broken  from  the  Diels— Alder  adduct  in  a  slow  step.  If 

expect  a  primary  kinetic  isotope  effect 


this  is  true,  one  can 


■ 
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in  the  case  of  the  s^yrene-o ,o' -d  system.  The  observed 

kinetic  isotope  effect,  kiH/kiD  =  1.86,  in  the  case  of  the 

styrene-o , o ' -d2  system  could  arise  only  through  a  primary 

kinetic  isotope  effect  as  required  by  Mechanism  III. 

The  primary  kinetic  isotope  effect  in  the  case  of 

the  styrene-o , o' -d2  system  favours  Mechanism  III.  The  isotope 

effects  observed  in  the  cases  of  styrene-l-d  and  styrene-2, 2- 

d2  systems  can  be  rationalized  as  secondary  kinetic  isotope 

effects.  Before  rationalizing  the  observed  k .  TT/k . ^  values  in 

ifr  iD 

the  light  of  Mechanism  I.II,  one  has  to  separate  out  the 
contributions  of  the  secondary  kinetic  isotope  effects  in 
the  Diels-Alder  and  retro-Diels-Alder  reactions,  i . e . ,  in  the 
k^  and  k_^  steps,  from  the  observed  over-all  kinetic  isotope 
effects  involved  in  the  thermal  initiation  step.  Then  it 
would  be  possible  to  single  out  the  true  kinetic  isotope 
effects  involved  in  the  rate  determining  k2  step  alone. 

Separation  of  k0u/k0r.  from  the  over  all  observed  k .  __/k .  _ 

Zri  ZD  In  ID 

values  based  on  Mechanism  III: 

For  a  third-order  initiation  step  in  the  thermal  polymerization 
of  styrene  according  to  Mechanism  III  one  can  write 


2 

D . A.  +  M  — ►  Radicals 

slow 


' 


. 
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where  M  represents  the  styrene  molecule  and  D . A.  represents 
the  Diels-Alder  adduct.  The  following  rate  expressions 
can  be  written  for  the  above  reactions: 


n  0 •, .  d  [Radicals ] 
[18]  dt 


k2  [D.A.]  [M] 


[19] 


d  [D.A.] 
dt 


=  k1[M]  -  k_x  [D  .  A .  ]  -  k2  [D  .  A.  ]  [M] 


Under  the  steady-state  approximation,  ^ ‘ A ^  =  0  therefore 


[20] 


[D.A.]  = 


kx  [M] 


■-1  +  k2  [M] 


substituting  the  value  for  [D.A.]  in  equation  [18]  one  obtains 


[21] 


d  [Radicals] 
dt 


kl  k2  [M] 

k_1  +  k2  [Ml 


Since  k2  is  the  slow  step  and  to  satisfy  the  third-order 
kinetics,  it  is  assumed  that  k_-^  is  much  greater  than  k2  [M] 
Thus,  neglecting  k2  [M]  in  comparison  with  k_-^  equation 
[21]  reduces  to 


[22] 


d  [Radicals]  _  kl  k2  [M] 


dt 


-1 


The  rate  of  thermal  initiation  =  2  f 


d  [Radicals] 
dt 


[23] 


k.  [M] 

l 


=  2  f  - 


d  [Radicals] 


dt 
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then 


[24] 


ki  [M] 


kl  k 2  3 

2  f  - -  [M]J 

-1 


Now  one  can  write  the  following  equation  using  the  assumption 


that  fH  =  fD 


[25] 


kiH 

k*iD 


k2H  klH  k-lD 
k2D  klD  k-lH 


or 


[26] 


‘2H 

“2D 


kiH  klD  k-lH 
kiD  klH  k-lD 


where  the  subscripts  H  and  D  stand  for  light  styrene  and 
deuterated  styrene  respectively.  Substituting  appropriate 
values  for  k]_H/k]_D  (deuterium  isotope  effects  involved  in 
the  Diels-Alder  reaction  between  two  molecules  of  the  • 
respective  styrene)  and  k_-^H/k_-^D  (deuterium  isotope 
effects  involved  in  the  retro-Diels-Alder  reaction  of  the 
corresponding  adduct)  and  the  observed  value  for  the 

corresponding  styrene  system,  in  equation  [26]  the  true 
kinetic  isotope  effects  involved  in  the  rate  determining 

step  alone,  i.e.,  k2H^k2D'  Cdn  be  evaluated- 

It  is  difficult  to  predict  any  definite  values 
for  klHAlD  and  k_i/k_iD  for  the  Diels-Alder  and  retro-Diels- 
Alder  reactions  in  the  respective  deuterated  styrene  systems. 
However,  certain  approximate  values  can  be  assumed  from 


^  v 

' 
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values  reported  for  some  related  systems.  Secondary  deuterium 

kinetic  isotope  studies  have  been  used  to  provide  information 

about  the  changes  of  hybridization  involved  in  the  transition 

states  of  some  Diels-Alder  and  retro-Diels-Alder  reactions 

(122-124) .  The  Diels-Alder  reaction  involves  the  conversion 
2  3 

of  sp  centers  to  sp  centers.  It  is  found,  in  agreement 
with  the  theoretical  considerations ,  (104 )  that  ku/k  is  less 
than  unity,  which  means  that  there  is  an  inverse  secondary 
deuterium  isotope  effect.  Some  secondary  deuterium  isotope 
effects  observed  in  some  Diels-Alder  reactions  are  listed 
in  Table  XVI.  The  numerical .values  for  the  isotope  effects 
are  small  and  were  not  completely  explained.  It  is  also 
difficult  to  understand  why  the  changes  in  the  diene  should 
give  rise  to  larger  isotope  effects  than  the  changes  in  the 
dienophile.  For  the  retro-Diels-Alder  reaction,  where  the 
conversion  of  sp  centers  to  sp  is  involved,  the  observed 
secondary  deuterium  kinetic  isotope  effects  are  in  the 
normal  direction  as  predicted  (104)  ,  i . e . ,  k^/k^  is  greater 
than  unity.  Some  secondary  kinetic  isotope  effects  observed 
in  th a  cleavage  of  the  2-methylfuran/maleic  anhydride 
adduct  are  given  in  Table  XVI.  With  the  help  of  the  secondary 
deuterium  kinetic  isotope  data  available  for  the  Diels-Alder 
and  the  retro-Diels-Alder  reactions,  it  should  be  possible  to 
separate  k  /k9  using  equation  [26]  .  Because  of  the 

/L  II  by 

variation  in  the  values  of  the  isotope  effects  for  the 

3— Alder  reactions,  certain  maximum  and  minimum  values 
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TABLE  XVI  SECONDARY  DEUTERIUM  KINETIC  ISOTOPE  EFFECTS  IN 

SOME  DIELS-ALDER  AND  RETRO  DIELS-ALDER  REACTIONS 


System 


kD/kH 

per  D  atom  Reference 
at  25° 


A.  Diels-Alder  reaction: 


Deuterated  dienes: 


1 , 1 , 4 , 4-d^-Butadiene  +  maleic 
anhydride 

9 , 10-d2~Anthracene  +  maleic 


1.07 


1.06 


anhydride 

9 , lO-d^-Anthracene  +  tetracyanoethylene  1.06 
Deuterated  dienophiles 


(122) 


(122) 

(123) 


Maleic 

anhydride-d2  +  butadiene 

1.01 

(122) 

If 

"  +  cyclopentadiene 

1.03 

(122) 

II 

"  +  anthracene 

1.05 

(122) 

Retro 

Diels-Alder  reaction: 

(124) 

i ,  x=y=z=R=H 
ii,  x=y=D;  z=R=H 
iii ,  x=y=R=H ;  z=D 
iv ,  X=D ;  y=z=R=H 
v,  y=D;  x=z=R=H 
vi ,  x=y=z=H;  R=D 


k . /k . . 

i'  n 

k . /k . . . 

i  n: 

k .  /k  . 
r  vi 


k .  /k 
iv  v 


at  49.8° 

=  1.16 

-  1.98 

-  1.03 

=  1.00 


* 
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1D 


are  assumed.  The  maximum  and  minimum  values  for 


for 

k2H  1H 

in  the  respective  deuterated  styrene  systems  are 


‘2D 


calculated ,  assuming  appropriate  values  for  p— — •  (maximum), 

klD  .  .  k-lH  KlH 

v —  (minimum)  and  t- - ,  and  are  given  in  Table  XVI-A.  The 

K1H  -d 

models  used  for  the  Diels-Alder  reactions  and  retro-Diels- 

Alder  reactions  in  the  individual  systems  are  also  indicated 

in  the  same  Table.  It  should  be  pointed  out  that  the 

models  used  are  quite  different  from  the  present  systems 

k. 


and  therefore,  the  calculated  values  for 


~2H 

2D 


will  not  be  the 


true  values.  However,  one  can  still  get  some  idea  of  the 
direction  of  the  isotope  effects  without  laying  much  stress 
on  the  precise  magnitude  of  the  values. 


Isotope  effect  in  the  styrene-o ,o ' -d2  system: 


The  isotope  effect  observed  in  the  styrene-o ,o' -d^ 
system  could  arise  through  a  C^-H  bond  breaking  from  the 
Diels-Alder  adduct  in  a  slow  step  and  therefore,  should  be 
a  primary  kinetic  isotope  effect.  However,  the  primary 
kinetic  isotope  effect  in  the  styrene-o , o' system  is 
smaller  than  the  normal  primary  kinetic  isotope  effects  of 
4-7,  observed  in  ionic  reactions  where  a  C-H  bond  is  broken 
in  a  slow  step  by  proton  abstraction  processes.  It  has  been 
argued  that  the  deuterium  kinetic  isotope  effect  is  not 
particularly  dependent  on  whether  the  hydrogen  abstraction 
process  is  nucleophilic,  radical,  or  electrophilic,  but  is 
governed  only  through  the  potential  energy  of  the  pertinent 


. 


\ 

* 

. 
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atomic  conformations  of  the  molecule  (125) .  In  most  of 
the  three-centered  reactions,  the  stretching  of  the  bond 
to  be  finally  broken  makes  a  considerable  contribution  to 
the  activation  energy.  On  this  basis,  Wiberg  (101)  predicted 
that  a  primary  deuterium  kinetic  isotope  effect  could  be  as 
low  as  1.4.  Similar  arguments  have  been  advanced  by 
Westheimer  (102)  to  explain  smaller  primary  deuterium 
kinetic  isotope  effects.  The  isotope  effects  for  hydrogen 
abstraction  reaction  from  toluene  by  chlorine  and  bromine 
radicals  were  1.3  and  4.6  respectively  (112).  It  has  been 
argued  that  as  the  exothermicity  of  the  reaction  decreases 
the  activation  energy  increases  and  consequently  the  isotope 
effects  become  higher.  In  the  free-radical  bromination  with 
N-bromosuccinimide  ku/k^  was  4.9  for  toluene,  2.7  for 
ethylbenzene  and  1.8  for  cumene  (112).  It  can  be  seen  here 
that  the  isotope  effect  decreased  in  the  order  of  primary 
to  tertiary  C-H  bond  breaking.  The  activation  energies  for 
the  reactions  should  be  decreasing  as  the  stabilities  of  the 
resulting  radicals  are  increasing  (126) .  In  the  Diels- 
Alder  adduct  between  two  molecules  of  styrene-o , o ' -d2  the 
C-D  bond  breaking  is  involved  at  a  tertiary  carbon  cemer  and 
the  primary  kinetic  isotope  effect  could  be  expected  to  be 
low.  Thus  the  isotope  effects  observed  in  the  styrene-o , o' -d2 
system  support  Mechanism  III. 

Isotope  effects  in  the  sty.  ene-2 , 2-d2  system. 

Consider  the  slow  k2  step  in  the  styrene-2 ,  <_~d2 


W*-  N 


-* 


i 
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system  according  the  Mechanism  III 


When  the  C10~hydrogen  atom  is  abstracted  by  the  third 

molecule  of  styrene-2 , 2-d^ ,  the  changes  accompanied  in  the 

formation  of  4-phenyl-l-tetralinyl  radical  and  the  a-phenyl- 

% 

ethyl  radical  might  contribute  to  secondary  deuterium 

isotope  effects.  In  the  4-phenyl-l-tetralinyl  radical  the 

D-atoms  are  in  3,3  and  y,y  positions  to  the  radical  center. 

kH 

Secondary  3-deuterium  isotope  .effects  (^—  =  1.16  -  1.22,  see 

Table  XV)  have  been  observed  in  many  ionic  systems  and  these 

are  attributed  to  hypercon jugative  reasons.  However,  hyper- 

conjugative  stabilization  in  radical  reactions  is  somewhat 

less  in  comparison  with  ionic  reactions.  In  the  autoxidation 

of  cumene-3-d,  a  secondary  3-deuterium  isotope  effect  of 
k. 


H. 

‘D 


=  1.10  was  found  ( 1 1  )  .  In  the  decomposition  of 


azobis-a-phenylethane- 3 , 8 , 3 “d~ ,  Seltzer  (118)  found  that 
kH 

^  =  1.02  per  deuterium  atom  at  105°.  Koenig  (127)  found 
kD 

a  secondary  3-deuterium  isotope  effect  of  1.02  per  deuterium 
atom  in  the  formation  of  t-butyl  radicals  in  the  decomposition 
of  t-butyl  perpivalc.te . 


. 
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The  effect  of  y  deuteriums  on  the  rate  of  radical  forming 

processes  can  be  assumed  to  be  insignificant. 

An  inverse  secondary  deuterium  isotope  effect  can 

be  expected  for  the  addition  of  a  hydrogen  atom  from  the 

Diels-Alder  adduct  to  styrene-2 , 2-d2 ,  forming  the  a-phenyl- 

ethyl- 3_,  3_-d2  radical.  But  for  reasons  of  hypercon jugative 

stabilization  of  the  radical,  there  will  be  a  normal 

secondary  0-deuterium  isotope  effect  involved  in  the  formation 

% 

of  the  a-phenylethyl- 0 , 0-d2  radical.  These  two  effects 

•  I 

tend  to  cancel  and  it  can  be  assumed  that  the  overall 

isotope  effects,  for  the  addition  of  a  hydrogen  atom  from 

the  Diels-Alder  adduct  to  styrene-2 , 2-d„ r  are  insignificant. 

k2H 

Then  the  isotope  effects  of  r- —  =  1.28  -  1.41  in  the  styrene- 

K2D 

2,2-d2  system  must  be  due  to  the  isotope  effects  involved 


in  the  formation  of  4-phenyl-l-tetralinyl  radical.  Assuming 

kH 

that  the  secondary  0-deuterium  isotope  effects,  r—  =  1.03  per 

kD 

deuterium  atom  in  radical  reactions,  one  should  expect  a 

However,  the  calculated  value  of 


value  of  1.06  for 


'2H 

'2D 


'2D 


is  high  and  cannot  be  completely  explained.  It  should 


2H 


be  mentioned  that  the  calculated  value  of  t- —  might  be  high 

klD  2D  k-lH 

due  to  the  higher  values  assumed  for  ^ —  and  7 - . 


1H 


'-ID 


Isotope  effects  in  the  styrene-1  d  system : 

k2H 

The  isotope  effect  of  r- -  =  1.47  -  1.51  in  the 

K2D 

styrene-l-d  system  is  a  border-line  case  for  primary  and 
secondary  deuterium  kinetic  isotope  effects.  For  reasons 
given  earlier,  this  isotope  effect  has  to  be  rationalized 
in  the  light  of  Mechanism  ITT.  Consider  the  slow  reaction 


. 
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of  styrene-l-d  with  the  Diels-Alder  adduct  formed  from  two 
molecules  of  styrene-l-d: 


H 


ri 


slow 


C^-D  bond 


D 


D 


A  primary  deuterium  kinetic  isotope  could  arise  if  a  C^-D 
bond  cleavage  were  involved  in  the  step,  giving  rise  to 
a  cumyl-type  of  radical.  This  is  the  only  pathway  through 
which  a  primary  kinetic  isotope  effect  could  be  expected 
via  a  Diels-Alder  adduct.  But  such  a  step  is  less  likely 
because  cumene  does  not  initiate  styrene  polymerization. 
Thus,  it  is  very  unlikely  that  a  C^-D  bond  breaking  is 
involved  and  the  isotope  effect  has  to  be  a  secondary 
deuterium  isotope  effect.  This  has  to  be  rationalized 
through  a  C^q-H  bond  cleavage  in  the  Diels-Alder  adduct. 


Stereochemistry  of  the  Diels-Alder  adduct: 


The  Diels-Alder  reactions  often  give  exclusively 
endo-product s .  According  to  Alder  and  Stein  rule,  the 
cyclic  diene  and  the  cyclic  dienophile  are  oriented  in  such 
a  way  as  to  give  not  only  a  maximum  over-lap  of  tne  tt  system 
directly  involved  in  the  reaction,  but  also  those  of  the 
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activating  ligands.  The  addition  reaction  gives  exclusively 
the  endo-product .  The  open-chain  dienes  and  open-chain 
dienophiles  also  obey  the  endo  rule  at  low  temperatures  and 
especially  around  70°  give  exclusively  cis-product  (128). 
Thus  r 


100%  at  70°  0% 


On  this  basis,  in  the  Diels-Alder  adduct  between  two  molecules 
of  styrene-l-d,  the  C1Q-H  and  C4~D  should  be  cis  to  each 
other,  d  D 


Consider  the  k ^  step  in  the  styrene-1  d  system  according  to 
Mechanism  III: 
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Consider  the  C^q-  H  bond  breaking  with  the  formation  of  a 
radical  at  the  center.  The  C^-deuterium  is  3  to  the 

radical  center  and  one  should  observe  secondary  3-deuterium 
isotope  effects  for  reasons  of  hypercon jugative  stabilization 
of  the  radical.  The  stereochemistry  of  hypercon jugative 
stabilization  in  radical  systems  is  not  worked  out.  However, 
it  has  been  found  that  in  ionic  reactions  the  secondary 
3 -deuterium  isotope  effect  is  larger  from  the  position  cis 
to  the  leaving  group  as  compared  with  that  from  trans -posit ion . 


JH 

In  the  acetolysis  of  cis-2-d., -cyclopentyl  tosylate  7 —  is  1.22 

kH  ° 

and  of  trans-2-dn -cyclopentyl  tosylate  ^7—  is  1.16  (see  Table 

1  kd 

XV) .  It  was  pointed  out  (129)  that  cis  hydrogen  atom 
apparently  hyperconjugates  more  effectively  in  the  transition 
state.  The  orbital  of  the  reacting  carbon  atom  is  intermediate 
between  sp  and  p  in  character,  so  that  the  lobe  on  the  side 
of  the  leaving  group  is  larger  than  on  the  opposite  side. 

Thus  one  would  expect  a  better  overlap  with  the  cis-C-H  bond 
orbital  than  with  the  trans.  If  similar  isotope  effects 
are  obtained  in  radical  reactions  also,  one  can  expect 
high  secondary  3-deuterium  isotope  effect  due  to  the  cis-_3_- 
deuterium  in  the  present  system  also.  The  effect  of  C^- 


deuterium  will  not  be  very  significant  as  no  major  changes 


of  hybridization  are  expected  at  the  center.  Taking 
22%  as  a  crude  estimate  for  the  secondary  3-deuterium 

isotope  effect  (k^>kD)  ,  ^l2E/  K2D  a^out  -*-*22  in  the 

styrene— 1— d  system  as  against  the  value  of  1.4,  —  1»~ 
calculated.  It  is  difficult  to  explain  this  difference  at 


* 
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tne  present  time .  However,  the  observed  values  of  r- —  must 

lD 

be  real,  because  the  kinetic  measurements  with  three  different 
batches  of  styrene-l-d  agreed  very  well. 

In  the  light  of  above  discussion,  the  kinetic 
isotope  effects  observed  in  the  thermal  polymerization  of 
the  different  deuterated  styrenes  are  consistent  with 
the  Mechanism  III. 

.  * 

Mechanism  for  the  formation  of  the  Diels-Alder  adduct: 

The  Diels-Alder  adduct  may  be  formed  reversibly 
in  a  multicentered  mechanism  or  in  two  successive  reaction 
steps  through  a  diradical  intermediate  as  indicated  below: 


Enough  data  has  been  accumulated  (128)  to  show  that  the 
Diels-Alder  reactions  in  general  proceed  through  a  multi¬ 
centered  mechanism,  the  newT  o  oonds  between  the  diene  and  the 
dienophile  being  formed  simultaneously.  The  c i s  addition  in 
the  Diels-Alder  reaction  is  a  necessary  result  of  synchronous 
bond  formation  between  the  reactants.  A  two  step  mechanism 
consistent  with  the  stsieoch rmistry  if  rotation  about 
the  C— C  single  bond  in  the  diradical  intermediate  is  slower 


m  .i 
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than  ring  closure  to  form  the  adduct.  A  synchronous 

mechanism  imposes  high  steric  demand  on  the  rate  determining 

ft 

step.  The  high  negative  entropy  of  activation  AS1  =  -35 
e.u.  is  relatively  constant  irrespective  of  the  rates  of 
the  Diels-Alder  reactions  and  points  to  a  common  mechanism. 

A  diradical  triplet  intermediate  is  also  ruled  out  (130) . 


Thermal  polymerization  of  trans- styrene- 2 -d : 


The  styrene-2-d  recovered  from  the  thermally 
polymerized  trans- styrene- 2 -d  system  (polymerized  to 
ca.  3.5%  polymer  formation)  did  not  show  any  change  in  the 
stereochemistry.  If  a  diradical  intermediate  were  involved 
trans-styrene-2-d  may  get  enriched  in  the  cis-isomer  due 
to  bond  rotation  about  the  C-C  single  bond  in  the  diradical 


It  has  been  estimated  that  considerable  enrichment  of  the 
cis— isomer  should  be  found  after  17  hours  of  polymerization 
which  amounted  to  about  3.5%  polymer  formation  (see  APPENDIX 
II) .  However/  no  cis— isomer  could  be  detected  in  Lne 

-2-d.  This  evidence  indicates  that 
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a  diradical  intermediate  may  not  be  involved.  On  the  other 
hand  if  the  Diels-Alder  adduct  is  formed  by  a  synchronous 
mechanism,  the  stereochemistry  of  the  forward  and  the 
reverse  reactions  is  fixed  and  no  change  in  the  stereo¬ 
chemistry  of  the  trans- styrene- 2 -d  would  be  expected. 

This  evidence  combined  with  the  kinetic  isotope 

effects  observed  in  the  styrene-o ,o ' -d^  system  indicates 

.  * 
that  a  Diels-Alder  adduct,  formed  reversibly  between  two 

molecules  of  styrene  might  be  the  preferred  intermediate 

in  the  initiation  step  of  the  thermal  polymerization  of 

% 

styrene . 

Pryor's  work: 

While  the  present  work  was  in  progress  Pryor  and 
coworkers  (62)  reported  some  deuterium  isotope  effects  in 
styrene  polymerization  reactions.  They  published  some  of 
their  results  on  the  secondary  deuterium  isotope  effects 
in  the  initiated  polymerizations  of  1-d,  2,2-d2,  and  ring- 
dj_-styrenes .  Pryor  mentioned  in  his  latest  book  on  "Free 
Radicals"  (64)  that  "tho  rate  effects  of  substituting 
deuterium  at  the  1-2,2-  or  ring  positions  of  styrene  have 
been  shown  to  be  consistent  with  a  Diels-Alder  type  of 
mechanism"  and  he  refered  to  his  earlier  results  in  reference 
62.  Pryor's  results  arc  shewn  in  Table  XVII.  In  the 
absence  of  any  further  data  or  discussion  of  his  results, 
it  ig  difficult  to  see  how  no  arrived  at  the  fore— mentioned 


•  t  i  '•  * 
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TABLE  XVII  PRYOR 

' S  DATA  ON 

KINETIC 

ISOTOPE  EFFECTS 

IN 

DEUTERATED 

STYRENES 

AT  60°  (62) 

• 

R  xlO6 

R '  xlO 6 

AIBN 

D 

J. 

P 

R 

Monomer 

-1 

-1 

p 

moles/1 

sec 

sec 

R' 

(H) 

(D) 

P 

1.  Styrene-l-d 

% 

0 

2. 06a 

2 . 4  6a 

0.84 

f 

0.0145 

85a 

92a 

0.91 

2.  Styrene-2 , 2-d2 

0 

2 . 08a 

3.52 

0.59 

0.0142 

85. 0b 

96. 4C 

0.88 

(82.0) £ 

*  (99.0) 

(0.83) 

3.  Styrene-Ar-dc 

0 

00 

o 

• 

CM 

3.72% 

0.56  . 

D 

(4.12) r 

(0.51) 

0.022 

108 

127 

0.85 

0.0295 

107 

134 

0.80 

a  one  determination  only 

b  average  of  four  determinations  92.7,  81.4,  83.1,  82.4 
c  average  of  three  values  99.4,  97.3,  92.7 
d  average  of  five  runs  2.01,  2.05,  2.18,  1.93,  2.23 
e  average  of  four  runs  4.03,  4.33,  3.47,  4.00 
f  average  of  the  best  values  as  corrected  by  the  present 

author 
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TABLE  XVIII  COMPARISON  OF  RESULTS  OBTAINED  IN  THE  PRESENT 

WORK  WITH  THOSE  CALCULATED  FROM  PRYOR'S  DATA 


Monomer 

R'  /R' 
pH  pD 

R  „/R  _ 
pH  pD 

kiH/k 

iD 

k2H//k2D 

this  Pryor 

this 

Pryor 

this 

Pryor 

this  Pryor 

work 

% 

work 

work 

work 

Styrene-l-d 

.0.86  0.91 

1.0 

0.83 

1.34 

0..84 

1.5*  0.95 

Styrene-2 , 2-d^ 

0.81  0.88 
(0.83) 

0.78 

i 

0.59 

0.91 

0.45 

1.41*  0.74 

Styrene-o , o ' -&2 

0.97 

1.3 

% 

1.86 

2.09* 

Styrene-Ar-dj. 

0.84 

0.55 
(0.51)  ! 

0.42 
(0.36) I 

0.62 

Pryor's  data  on 

initiated  runs  R  /R'  is  shown  as  R'  /R 

P  P  Ph 

pD 

It 

thermal  " 

IV 

IV 

RpH/R 

pD 

I  Calculated  by  the  author  using  best  values  from  Pryor's  data. 


*  Maximum  values. 
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conclusion  . 

A  close  examination  of  his  data  -indicates  that  the 
results  are  wanting  in  better  accuracy.  In  the  case  of 
styrene-l-d  systems  only  one  determination  was  made  (see 
Table  XVII).  In  the  initiated  rates  of  styrene-2 , 2-d^  and  in 
the  thermal  rates  of  styrene-Ar-d^  some  of  the  values  are 
varying  by  10-15%.  Only  the  best  and  closely  agreeing 
values  should  have  been  taken  into  consideration  when 
calculating  the  arithematic  averages  of  the  values.  In  the 
case  of  initiated  rates  with  both  styrene  and  styrene-Ar-d^ , 

only  a  single  determination  was  made.  A  34%  increase  in 

•  __ 

AIBN  concentration  in  the  case  of  light  styrene  did  not 

show  any  increase  in  the  rate  of  polymerization  (see  Table 

XVII ,  monomer  3.).  A  100%  increase  in  the  concentration  of 

AIBN  did  not  show  a  sufficient  increase  in  the  rate  of 

polymerization  of  styrene  (compare  the  rates  of  light  styrene 

for  1-d,  2,2-d2  with  that  of  light  styrene  for  Ar-d5  in 

Table  XVII).  Thus,  it  appears  that  no  attempt  was  made  to 

obtain  more  accurate  data.  One  should  be  very  cautious 

in  calculating  any  kinetic  isotope  data  from  such  results. 

The  best  values  for  the  rates  were  taken  from 

Pryor's  data  and  R  /R'  values  were  calculated  and  these 

P  P 

are  shown  in  parenthesis  in  Table  XVII.  Pryor's  data  was 
treated  in  the  same  manner  as  was  done  in  the  present  work 
and  the  values  for  k  H/k  D,  k^H/k^D  and  ^2H^2D  wej~e  calculated 

A  comparison  of  these  values  with  those  from 


ir.  eacn  case. 
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the  present  work  is  shown  ±n  Table  XVIII.  Surprisingly 
Pryor's  values  for  k  /k  ^  for  styrene-l-d  and  styrene-2 , 2-d 
agree  with  those  from  the  present  work.  The  values  for 
k .  TT/k .  _  and  kOTT/k~^  for  the  different  deuterated  styrenes 
obtained  from  Pryor's  data  are  too  low  and  cannot  be 
rationalized  by  any  of  the  mechanisms  for  the  initiation 
step  in  the  thermal  polymerization  of  styrene.  It  is 
difficult  to  see  how  Pryor  arrived  at  the  conclusion  that 
his  isotope  results  are  consistent  with  a  Diels-Alder  type 
of  mechanism  unless  he  has  assumed  very  different  models 
and  larger  8-deuterium  isotope  effects. 
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EXPE  RIMENT AL 

Physical  measurements: 

The  melting  points  and  boiling  points  reported 
are  not  corrected. 

Refractive  indices  were  measured  on  a  Bausch  and 

Lomb  Abbe-3L  Ref ractometer . 

% 

Infrared  spectra  were  obtained  on  a  Bechman  LR-7 

« 

Recording  Spectrophotometer. 

Nuclear  magnetic  resonance  spectra  (n.m.r.)  were 
obtained  on  Varian  Analytical  Spectrophotometers,  Models 
A-60  and  HR-100  with  tetramethylsilane  (TMS)  as  internal 
standard . 

Mass  spectra  were  obtained  on  A.E.l.  MS-2-H  mass 
spectrometer. 

Gas  liquid  chromatography  (g.l.c.)  analysis  Was 
carried  out  on  Aerograph-202  Gas  Chromatograph,  with  thermal 
conductivity  detectors  and  helium  as  the  carrier  gas. 

Ultraviolet  spectra  were  obtained  on  a  Bausch  and 
Lomb  Spectronic  600  Spectrophotometer. 

1-Phenylethanol  (X) : 

A  solution  of  freshly  distilled  acetophenone 
(63.16  g, 0.526  mole)  in  anhydrous  ether  (100  ml)  was  added 
drop  by  drop  to  a  stirred  solution  of  lithium  aluminum  hydride 
(5.31  g, 0.132  mole)  in  anhydrous  ether  (200  ml).  The  addition 
was  done  at  such  a  rate  as  to  maintain  a  mild  reflux  of  the 


' 
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ether.  The  addition  was  completed  in  one  and  one-half 

hours.  The  reaction  mixture  was  maintained  under  reflux  for  an 

additional  one  hour  and  was  then  hydrolysed  by  the  drop-wise 

addition  of  6N  ammonium  chloride  solution  (105  ml) .  The 

reaction  mixture  was  allowed  to  settle,  the  clear  ether 

solution  was  decanted  and  the  sludge  was  washed  twice  with 

ether  (40  ml) .  The  combined  ether  solutions  we re  dried  and 

the  solvent  removed.  Vacuum  distillation  of  the  residual  oil 

yielded  58.6  g  (93%)  of  X,  b.p.  94-95° 

(17  mm),  n^  =  1.5225.  Reported  (131)b.p.  90°  (15mm), 

15 

nD  =  1.5260.  The  infrared  spectrum  (neat)  showed  absorption 
bands  at  3620,  3380  cm  .  The  n.m.r.  spectrum  (CCl^)  showed  . 
peaks  atT2.8  multiplet  (m) ,  ^5.4  broad  (b) ,  T6.1  (b) ,  and  t8.75 

doublet  (d)  (J  =  7  cps) ,  ratio  4.8  :  0.90  :  1.0  :  3.0, 
required  5  :  1  :  1.:  3.  The  g.l.c.  analysis  indicated  that  the 

product  was.  free  from  impurities. 

1-Phenylethanol-l-d  (XI) : 

The  method  employed  was  exactly  the  same  as  in 
the  case  of  X  except  that  lithium  aluminum  hydride  w as  re¬ 
placed  by  lithium  aluminum  deuteride,  and  the  time  of  reaction 
after  the  addition  of  acetophenone  was  increased  to  ten  hours. 
Acetophenone  (60  g)  and  lithium  aluminum  deuteride  (Metal 
Hydrides,  Inc.,  99.5%  D)  (5  g)  were  used.  Distillation  of  the 
crude  residual  oil  after  workup  yielded  55  g  (90%)  o^  XI,  b.p. 
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63-65°  (5-6  nun),  n“^  =  1.5230.  Reported  (67)  b.p.  79° 

24 

(23  mm),  n  =  1.5267.  Infrared  spectrum  (neat)  showed  absorp- 
D  -i 

tion  bands  at  3617,  3360,  2125  cm  .  The  n.m.r.  spectrum 
(CCl^)  showed  peaks  at  t2.75  (m) ,  t6.3  (b) ,  and  x8.67  singlet  (s) , 

ratio  5.1  :  1.0  :  3.08,  required  5:1:3.  The  g.l.c. 
analysis  (carbowax  20M,  150°)  indicated  that  the  product  was 
free  from  impurities. 

1-Phenylethyl  acetate  (XII) : 

This  was  prepared  by  the  acetylation  of  X  accor¬ 
ding  to  a  procedure  outlined  by  Nevitt  and  Hammond  (68). 

Acetyl  chloride  (64.34  g,  0.82  mole)  was  added  drop  by  drop 
under  stirring  to  a‘ mixture  of  X  (50  g,  0.41  mole)  and 
dimethylaniline  (246  g) ,  keeping  the  temperature  of  the 
reaction  mixture  below  10°.  The  mixture  was  then  allowed  to 
warm  to  room  temperature  (28°)  and  was  heated  on  a  steam  bath 
for  four  hours.  The  reaction  mixture  was  cooled  and  poured 
in  a  thin  stream  into  a  mixture  of  concentrated  hydrochloric 
acid  (22  ml)  and  crushed  ice  (440  g)  with  stirring.  The 
mixture  was  then  extracted  twice  with  chloroform  (200  ml) . 

The  chloroform  extract,  after  washing  with  saturated  sodium 
bicarbonate  solution  and  saturated  sodium  chloride  solution, 
was  dried  with  anhydrous  magnesium  sulphate.  After  removal 
of  the  solvent,  distillation  of  the  residual  oil  yielded  60  g 
(89.3%)  of  XII,  b.p.  99-10] 0 


(10  mm).  Reported  (131)  b.p. 


■ 
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105-108°  (15  nun).  The  g.l.c.  analysis  (carbowax  20M,  150°) 

indicated  that  the  product  was  free  from  impurities.  The 
infrared  spectrum  (neat)  showed  an  absorption  band  at  1730 
cm  .  The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  t2.7  (m) , 

t4.15  quartet  (q)  (J  =  6.5  cps),  x8.1  (s)  and  t8.55  (d) 

(J  =  6.5  cps) ,  ratio  5.15  :  1.0  :  3.07  :  3.07,  required  5  :  1  :  3  :  3 

1-Phenylethyl-l-d  acetate  (XIII) : 

This  was  prepared  by  the  acetylation  of  XI.  The 
procedure  adopted  was  exactly  the  same  as  above.  After  workup, 
distillation  of  the  crude  product  yielded  55.8  g  (86%)  of 
XIII,  b.p.  91-92°  (8  mm).  The  infrared  spectrum  (neat) 

showed  absorption  bands  at  2125,  1730  cm-1.  The  n.m.r.  spec¬ 
trum  (CCl^)  showed  peaks  at  x2.7  (m) ,  ^8.05  (s)  and  x8.55  (s), 
ratio  5.01  :  3.0  :  3.0,  required  5:3:3.  The  g.l.c. 
analysis  indicated  that  the  product  was  free  from  impurities. 

Pyrolysis  of  the  acetates: 

Pyrolysis  apparatus: 

A  pyrolysis  tube  similar  to  that  described  by  Depuy 
(69)  was  constructed.  A  pyrex  glass  tube  1"  x  18 with 
standard  24/40  ground  glass  joints  at  either  end  was  used  for 
making  the  pyrolysis  tube.  The  outside  of  the  tube  was  wound 
with  a  24  gage  nichrome  wire  (24  ft.)  to  serve  as  the  heating 
element.  The  outside  of  the  tube  was  insulated  with  asbestos. 

The  two  terminals  of  the  heating  element  were  connected 


.  »  ;< 


inlet 


I 


to  A.C.  Mains 


Figure  10.  Pyrolysis  apparatus  assembly 

A  Constant  pressure  dropping  funnel.  B  Pyrolysis  tube  filled 
with  glass  helices.  C  Heating  element.  D  Asbestos  insulation. 

E  Pyrolysate  trap.  F  Dewar  flask  filled  with  dry-ice  and  acetone 
G  Variac.  H  Drying  tube. 
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through  a  variac  Lo  the  110  volts  A.C.  mains.  The  inside 
of  the  tube  was  filled  with  clean  glass  helices  up  to  a 
12"  height  from  the  botom.  The  bottom  taper  joint  was 
connected  to  a  trap  which  was  kept  in  a  dry-ice  acetone 
bath  or  in  ice.  The  top  of  the  tube  was  connected  to  a 
constant  pressure  dropping  funnel.  Arrangements  were  also 
made  to  pass  nitrogen  gas  through  the  apparatus  during  the 
pyrolysis.  The  temperature  inside  the  tube  was  measured 
with  the  help  of  a  thermocouple.  At  a  setting  of  50  on  the 
variac  the  temperature  inside  the  tube  was  395-400°.  It 
took  nearly  one  and  one  half  hours  to  attain  constant  tempera¬ 
ture  conditions  in  the  pyrolysis  tube.  The  pyrolysis  appara¬ 
tus  assembly  is  shown  in  Figure  10. 

General  procedure  for  the  pyrolysis  and  isolation  of  products 
The  ester  was  dropped  slowly  at  a  rate  of  2-3  drops 
per  minute  into  the  pyrolysis  tube  kept  at  a  temperature  of 
395-400°  under  an  atmosphere  of  nitrogen.  The  pyrolysate  was 
collected  in  the  trap  cooled  in  ice.  Analysis  of  the  pyrolysate 
by  g.l.c.  indicated  that  the  pyrolysis  of  the  ester  was  complete. 
The  pyrolysate  was  diluted  with  distilled  water  and  extracted 
with  benzene.  The  benzene  extract  was  washed  with  saturated 
sodium  bicarbonate  solution  and  saturated  sodium  chloride 
solution  and  then  dried  with  anhydrous  magnesium  sulphate. 

After  removal  of  the  solvent  the  residual  liquid  was . distj lied 
under  vacuum  through  a  vigreaux  column  in  an  atmosphere  of 
nitrogen . 
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Pyrolysis  of  XII: 

When  XII  (58  g)  was  pyrolysed  and  the  pyrolysate 
was  worked  up  there  was  obtained  32  g  (87%)  of  styrene  (XIV) , 
b.p.  74-75°  (82  mm) .  The  infrared  spectrum  (neat)  and  the 

n.m.r.  spectrum  (CCl^)  matched  exactly  with  those  of  commer¬ 
cial  styrene.  The  g.l.c.  analysis  indicated  that  the  product 

was  extremely  pure. 

.  » 

Pyrolysis  of  XIII; 

When  XIII  (55  g)  was  pyrolysed  and  the  pyrolysate 

was  worked  up  there  was  obtained  27  g  (77%)  of  styrene-l-d 

% 

(XV),  b.p.  55°  (28  mm),  n^=  1.5425  .  Reported  (67)  b.p. 

24 

76°  (82  mm),  nQ  =  1.5435.  The  infrared  spectrum  (neat) 

showed  an  absorption  band  at  2240  cm  ^ . 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  t2.75 

(m)  ,  t4.35  (m)  and  t4.83  (m)  ,  ratio  5.0  :  1.0  :  1.0,  required 

5:1:1.  The  spectrum  agreed  very  well  with  the  spectrum 

reported  in  literature  (72)  .  The  g.l.c.  analysis  showed  only  one 

peak,  thus  indicating  the  absence  of  any  impurities.  The 

mass  spectral  analysis  at  11  ev  showed  that  the  product  contained 

1.2  mole%  d-,  98.5  mole%  d-  an^  0.2  mole  %  d«  styrenes, 
o  1  2 

2-Phenylethanol  (XVI) : 

A  solution  of  freshly  distilled  ethyl  phenylacetate 
(50  g,  0.3  mole)  in  anhydrous  ether  (100  ml)  was  added  drop 
by  drop  to  a  solution  of  lithium  aluminum  hydride  (7  g)  in 
anhydrous  ether  (250  ml)  under  stirring,  at  such  a  rate  as 


»-  '  ij&J 


. 


-114- 


to  maintain  a  mild  reflux  of  the  ether.  After  the  addition, 
the  mixture  was  heated  under  reflux  for  twelve  hours.  The 
reaction  mixture  was  then  cooled  and  hydrolysed  by  the  care¬ 
ful  addition  of  6N  ammonium  chloride  solution  (150  ml) .  The 
clear  ether  solution  was  separated  from  the  sludge.  The 
sludge  was  washed  with  two  portions  of  ether  (50  ml) .  The 
combined  ether  solutions  were  dried  and  the  solvent  removed. 
The  residual  oil  was  distilled  under  vacuum  to  yield  34.5  g 
(92.7%)  of  XVI,  b.p.  95°  (8  mm),  nj^  =  1.5278.  Reported  (131) 

b.p.  98-100°  (12  mm),  n^  =  1.5179.  The  infrared  spectrum 

(neat)  showed  an  absorption  band  at  3350  cm 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  x2.8'7 
(b)  ,  t6.38  triplet  (t)  (J  =  7  cps)  ,  i6.75  (b)  ,  and  i7.31  (t) 

(J  =  7  cps) ,  ratio  5.01  :  1.98  :  1.0  :  2.0,  required  5:2: 

1  :  2. 

2-Phenylethanol-l,l-d2  (XVII) , 

This  was  prepared  exactly  as  above  except  that 

lithium  aluminum  deuteride  was  used  in  place  of  lithium 

aluminum  hydride.  Starting  from  ethyl  phenylacetate  (49.2  g) 

and.  lithium  aluminum  deuteride  (6.96  g)  there  was  obtained 

29° 

33.5  g  (90%)  of  XVII,  b.p.  103°  (12  mm),  nD  =  1.5279. 

Reported  (79)  b.p.  91-93°  (8  mm),  n^  =  1.5269.  The  infrared 

spectrum  (neat)  showed  absorption  bands  at  3350,  2220,  2120 

.  -1 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  x2.87  (b) 
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x6.45  (b)  ,  and  x_/.3I  (s),  ratio  5.01  :  1.0  :  2.0,  required 
5:1:2. 

2-Phenylethyl  acetate  (XVIII) : 

This  was  prepared  by  the  acetylation  of  XVI  exactly 
under  the  same  conditions  as  those  employed  for  the  acety¬ 
lation  of  X.  Starting  with  XVI  (30  g)  there  was  obtained  37  g 

(91%)  of  XVIII,  b.p.  92.5°  (5  mm),  n^  =  1.4953  .  Reported  (131) 

2  0 

b.p.  118-120°  (13  mm),  nQ  =  1.5108.  The  infrared  spectrum 

(neat)  showed  an  absorption  band  at  1745  cm  ^ . 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  i2.8  (b) , 
t5.8  (t)  (J  =  7  cps) ,  t7.15  (t)  (J  =  7  cps)  and  x8.05  (s) , 
ratio  5.01  :  1.98  :  2.0  :  3.01,  required  5  :  2  :  2  :  3. 

2-Phenylethyl-l , l-d2  acetate  (XIX): 

This  was  prepared  by  the  acetylation  of  XVII 

exactly  under  the  same  conditions  as  those  employed  for  the 

acetylation  of  X.  Starting  with  XVII  (31  g)  there  was  ob- 

29° 

tained  39.2  g  (94.4%)  of  XIX,  b.p.  93°  (6-7  mm),  nD  = 

1.4962.  Reported  (79)  b.p.  122-123°  (26  mm).  The  infrared 

spectrum  (neat)  showed  absorption  bands  at  2245,  2165  and 
174  0  cm  ■*■ . 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  x2.8  (b) , 
x7.15  (s)  and  x8.05  (s)  ,  ratio  5.0  :  2.0  :  3.0,  required 
5:2  :  3.  The  g.l.c.  analysis  indicated  that  the  product  was 
free  from  impurities. 
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Pyrolysis  of  XVIII : 

Pyrolysi0  was  carried  out  as  described  earlier 
except  that  the  pyrolysate  was  recycled  for  a  second  time 
to  effect  complete  pyrolysis  of  the  ester.  The  workup 
procedure  was  similar.  A  total  of  33  g  of  XVIII  was  pyro- 
lysed  to  yield  after  workup,  13.6  g  (60%)  of  styrene,  b.p. 

55-56°  (33mm).  The  infrared  spectrum  (neat)  and  the  n.m.r. 

spectrum  (CCl^)  matched  exactly  with  those  of  commercial 
styrene.  The  g.l.c.  analysis  indicated  that  the  styrene 
obtained  was  100%  pure. 

I 

Pyrolysis  of  XIX: 

Pyrolysis  and  workup  procedures  were  the  same  as 
above.  A  total  of  36  g  of  XIX  gave  11.3  g  (50%)  of  styrene- 
2,  2-D2  (XX),  b.p.  53-54°  (30  mm)  n^*^  =  1.5438  .  Reported  (79) 

b.p.  54°  (31  mm) .  The  infrared  spectrum  (neat)  showed  absorp¬ 

tion  bands  at  2310,  2210  cm 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  x2.75  (m) , 
t3.35  (m) ,  ratio  5.0  :  1.0,  required  5  :  1.  The  g.l.c. 
analysis  indicated  that  the  product  was  free  from  impurities. 

The  mass  spectral  analysis  at  11.5  ev  indicated  tha4-  the 
product  consisted  of  1.12  mole%  of  d-,  1.55  mole%  of  and 
97.31  mole%  of  d2~styrenes. 

N,N-Dimethyl- ( 1-phenylethyl ) -amine  (XXI) . 

i-Phenylethylamir>°  was  N-methylated  according  tc 
the  method  of  Clarke,  Gillespie  and  Weisshaus  (85) 

Freshly  distilled  1-phenylethylamine  (136  g,  1.124  moles)  was 
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added  drop  by  drop  during  one  and  one-half  hours  to  80% 
formic  acid  (287.7  g,  5.62  moles),  kept  in  a  two  litre 
three-necked  flask  fitted  with  a  reflux  condenser,  thermo¬ 
meter  and  dropping  funnel.  The  temperature  of  the  reaction 
mixture  was  maintained  below  20°  during  addition.  To  the 
clear  solution  obtained  40%  formaldehyde  solution  (253  ml, 
3.372  moles)  was  added.  The  reaction  flask  with  its 
contents  was  placed  in  a  preheated  oil  bath  at  110°.  when 
the  temperature  of  the  reaction  mixture  reached  65°  there 
was  a  vigorous  evolution  of  carbon  dioxide.  The  flask  was 
raised  from  the  oil  bath  and  when  the  evolution  of  the  gas 
was  somewhat  abated,  the  flask  was  placed  again  in  the 
oil  bath  at  110-115°  for  twelve  hours.  The  contents  of  the 
flask  were  then  cooled  and  4N  hydrochloric  acid  (1100  ml) 
was  added  and  the  clear  solution  obtained  was  concentrated 
under  vacuum.  The  pale  yellow  syrupy  liquid  residue  was 
dissolved  in  distilled  water  (250  ml)  and  the  organic  base 
was  liberated  by  the  addition  of  17N  sodium  hydroxide  solu¬ 
tion  (280  ml) .  The  upper  organic  phase  was  separated  and  the 
lowe1'-  aqueous  layer  was  extracted  twice  with  benzene  (100  ml)  . 
The  combined  organic  base  and  the  benzene  extracts  were  dried 
with  anhydrous  potassium  carbonate.  Evaporation  of  the 

solvent  and  distillation  of  the  residual  oil  yielded  127.2  g 

29  ° 

(70%)  of  XXI,  b.p.  84°  (20  mm),  nD  =  1.4980,  picrate  m.p. 
139-140°.  Reported  (84,85)  b.p.  71°  (11  mm),  n^  =  1.5000, 
picrate  m.p.  140-140.5°.  The  infrared  spectrum  (neat)  showed 
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absorption  bands  characteristic  for  the  compound. 

The  n.m.x.  spectrum  (CCl^)  showed  peaks  at  x2.81 
( s )  ,  t 6 . 88  (q)  (J  =  7  cps)  ,  i7.88  (s)  and  t8.71  (d) 

(J  =  7  cps) ,  ratio  5.0  :  1.0  :  6.07  :  2.96,  required 
5  :  1  :  6  :  3.  The  g.l.c.  analysis  indicated  that  the  pro¬ 
duct  was  free  from  impurities. 

N, N-Dimethyl- ( 1-phenylethyl )  -amine-o-d-^  (XXIII)  : 

The  method  of  Jones  and  Hauser  (82)  was  used 
with  slight  modification  for  the  ring  deuteration  of  the 
amine.  To  a  solution  of  freshly  distilled  XXI  (44.7  g, 

O. 3  mole)  in  anhydrous  ether  (40  ml)  kept  in  a  dry  one  litre 
three-necked  flask,,  provided  with  a  rubber  serum  cap  and  a 
magnetic  stirrer,  n-butyllithium  solution  (Foote  Mineral  Co. 
1.6M  solution  in  n-hexane)  (360  ml,  0.6  mole)  was  added  with 
a  hypodermic  syringe.  The  addition  was  carried  out  under 
nitrogen  atmosphere.  The  solution  was  stirred  for  thirty- 
six  hours  at  room  temperature.  The  resulting  pale  yellow 
solution  was  added  to  a  stirred  mixture  of  deuterium  oxide 
(Merck  Sharp  &  Dohme  of  Canada  Ltd.,  99.7%  minimum  isotopic 
purity)  (48  ml)  and  sodium  dried  redistilled  benzene  (250  ml) 
under  an  atmosphere  of  dry  nitrogen.  The  mixture  was  stirred 
for  six  hours  and  was  allowed  to  settle.  The  clear  top  layer 
was  decanted  from  the  white  sludge  and  the  sludge  was  washed 
thrice  with  anhydrous  ether  (50  ml).  The  combined  clear 
layer  and  the  ether  washings  were  dried  with  anhydrous 
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sodium  sulphate.  The  solvents  were  removed  and  the 
residual  oil  was  distilled  to  yield  42.3  g  (94%)  of  a 
colorless  liquid,  b.p.  73°  (13  mm),  n^  =  1.4986.  The 

infrared  spectrum  (neat)  showed  an  absorption  band  at  2270 

-1 

cm 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  x2.82 
(s)  ,  t6.86  (q)  (J  =  7.eps),  x7.87  (s)  and  x8.71  (d)  (J  =  7 
cps)  r  ratio  4.03  .*  1.03  :  5.93  :  2.9  ,  required  4  1  :  6  :  3 . 

N  ,N-Dimethyl- (phenylethyl) -amine-o  ,o  ’ -d2  (XXIV)  ; 

Starting  with  XXIII  (40  g) ,  the  metalation  and 

% 

deuteration  sequence  was  carried  in  the  same  way  as  above 

to  effect  dideuteration  of  the  aromatic  ring  of  the  amine. 

After  workup  there  was  obtained  37.5  g  (94%)  of  a  colorless 

29  ° 

liquid  b.p.  75°  (20  mm),  nD  =.1.4975.  The  n.m.r.  spectrum 
(CCl^)  showed  peaks  at  t2.82  (s)  ,  t6.86  (q)  (J  =  7  cps), 
t7.87  (s)  andx8.71  (d)  (J  =  7  cps),  ratio  3.09  :  1  :  5.9  : 

3.01,  required  3  :  1  •  6  :  3.  The  mass  spectral  analysis 
qq  gv  indicated  that  the  product  consisted  of  28  •  0  mole's 

of  dj-  and  about  70  mole%  of  dj  amines. 

As  the  isotopic  purity  was  less  than  desired,  the 
metalation  and  deuteration  sequence  was  repeated  on  the  pro¬ 
duct  obtained  above  under  exactly  the  same  conditions  as  in 
the  earlier  case.  There  was  obtained  34  g  (92.5%)  of  product 
b.p.  97°  (50  mm),  n^  -  1.4975.  The  n.m.r.  spectrum  (CCl^) 
was  exactly  the  same  as  in  the  previous  case  except  the  ratio 
was  2.98  :  1.0  ;  6.0  :  3.1.  The  mass  spectral  analysis  at 
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11  ev  indicated  that  the  product  consisted  of  0.586  mole% 
of  d- ,  6.0  mole%  of  dr,  91.39  mole%  of  d-  and  1.456  mole% 
of  d^-amines.  The  product  was  used  in  the  subsequent 
reaction  without  further  enrichment. 

N , N-Dimethyl- ( 1-phenylethyl ) -amine  oxide  (XXII)  and  its 
decomposition  to  styrene: 

The  method  employed  was  according  to  Cope  (84). 

A  mixture  of  freshly  distilled  XXI  (22  g)  and  35%  hydrogen 

peroxide  solution  (40  g)  was  stirred  for  sixteen  hours  at 

room  temperature  (29°).  A  drop  of  reaction  mixture  diluted 

0 

with  distilled  water,  when  tested  with  phenolphathalein 
indicator  showed  the  absence  of  base,  indicating  the  completion 
of  reaction.  The  excess  hydrogen  peroxide  was  decomposed  by 
stirring  with  platinum  black  (0.01  g) .  When  the  gas 
evolution  stopped,  the  solution  was  filtered.  The  filtrate 
and  the  washings  were  concentrated  under  vacuum  in  a  current 
of  nitrogen  and  the  distillate  was  collected  in  a  trap 
cooled  in  dry-ice  acetone  bath. 

When  all  the  water  was  removed,  the  residual 
syrupy  liquid  was  heated  to  100°  and  the  distillate  was 
coj.Iected  in  the  same  trap.  The  decomposition  was  quite 
spontaneous  and  was  over  in  15-20  minutes,  leaving  practically 
no  residue  in  the  distillation  flask.  The  distillate  in  the 
trap  wa °  warmed  to  room  temperature  and  the  organic  layer  was 
separated.  This  was  washed  three  times  with  cold  5%  hydro- 
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chloric  acid  (25  ml) ,  three  times  with  cold  10%  sodium 
hydroxide  solution  and  finally  with  saturated  sodium  chloride 
solution  until  free  from  alkali.  It  was  then  dried  with 
anhydrous  sodium  sulphate  and  distilled  under  vacuum  through 
a  vigreaux  column  in  a  current  of  nitrogen  to  obtain  12  g 
(78%)  of  styrene  b.p.  60°  (40  mm).  The  infrared  spectrum 

(neat)  and  the  n.m.r.  spectrum  (CCl^)  matched  exactly  with 
those  of  commercial  styrene.  The  g.l.c.  analysis  indicated 
that  the  product  was  free  from  impurities. 

N ,N-Dimethyl- ( 1-phenylethyl ) -amine  oxide-o , o ' ~&2  (XXV). 
and  its  decomposition  to  styrene-o ,  o  '  -d-2  (XXVI): 

Conversion  of  XXV  to  XXVI  was  carried  out  exactly 
in  a  similar  manner  as  in  the  above  case.  Starting  with 
XXV,  (91.39  mole%  d^-amine)  (30  g)  there  was  obtained  16.3  g 
(76.8%)  of  XXVI,  b.p.  63°  (48  mm),  =  1.5419.  The  infra¬ 

red  spectrum  (neat)  showed  an  absorption  band  at  2270  cm  ^ . 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  i2.79 
(s) ,  x3.35  unsymmetrical  quarter  (J  =  18  cps,  J  =  11  cps) , 
x4.38  (q)  (J  =  18  cps,  J  =  2  cps)  and  x4.86  (q)  (J  =  11  cps, 
J  =  2  cps)  ratio  2.9  :  1.0  :  0.95  :  0.95  :,  required  3.1: 
1:1.  The  g.l.c.  analysis  indicated  that  the  product  was 
free  from  impurities.  The  mass  spectral  analysis  at  12.5  ev 
indicated  that  the  product  consisted  of  1.5*5  mole%  of  d-, 

5.03  mole  %  of  dy,  92.69  mole  %  of  d~  and  0.72  mole  %  Qf  d.- 
styrenes . 
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trans-Cinnamic  acid  dibromide  (XXVII) : 

This  was  prepared  according  to  tne  method  of 
Grovenstein  and  Lee  (89).  Cinnamic  acid  (100  g,  0.67  mole) 
was  dissolved  in  technical  grade  chloroform  (500  ml)  con¬ 
tained  in  a  one  liter  three-necked  flask  fitted  with  a 
dropping  funnel,  a  mechanical  stirrer  and  a  reflux  condenser 
Bromine  (108  g,  1.35  mole)  was  added  drop  by  drop,  while  a 
500  watt  G.E.  sun  lamp  was  shone  onto  the  contents  of  the 
flask.  The  uptake  of  bromine  was  rather  slow  at  the  outset 
but  was  quite  rapid  at  later  stages.  Bromine  addition  was 
completed  in  two  hours.  A  thick  precipitate* was  formed  by 
the  end  of  the  addition.  It  was  filtered  and  washed  with 
cold  chloroform  and  then  air  dried  to  yield  192  g  (93.2%) 
of  XXVII,  m.p.  200-203° (decomp. ) .  Reported  (89)  m.p.  200° 
(decomp.).  This  was  used  in  the  subsequent  reaction  without 
further  purification. 

trans-2-Bromostyrene  (XXVIII) : 

This  was  prepared  from  XXVII  by  the  method  of 
Grovenstein  and  Lee  (89).  In  a  five  liter  three-necked 
flask  fitted  with  a  mechanical  stirrer,  reflux  condenser 
and  a  dropping  funnel  XXVII  (103  g,  0.3  mole)  was  suspended 
in  distilled  water  (2  liters)  and  IN  sodium  hydroxide  solu¬ 
tion  (1200  ml)  was  added  to  make  the  solution  slightly 
alkaline  to  phenolphathalein  indicator.  The  solution  was 
heated  to  78°  on  a  steam  bath  and  maintained  at  that  tempera 
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ture  for  one  hour.  On  standing,  an  oily  liquid  separated 
at  the  bottom  of  the  flask.  The  whole  mixture  was  extracted 
twice  with  carbon  tetrachloride  (100  ml) .  The  extract  was 
washed  twice  with  sodium  bicarbonate  solution,  once  with 
sodium  thiosulphate  solution  and  finally  with  saturated  sodium 
chloride  solution.  After  drying,  the  solvent  was  removed  and 
the  residual  oil  was  distilled  under  vacuum  through  a  vigreaux 
column,  taking  care  that  the  pot  temperature  did  not  exceed  80° 
during  distillation.  A  fraction,  58  g,  b.p.  50-56°  (1  mm)  was 

collected.  The  g.l.c.  analysis  indicated  that  the  product 
contained  two  compounds  in  the  ratio  2.2  :  7/8. 

Purification!  The  bromostyrene  mixture  obtained  above  was 
mixed  with  equal  amount  of  anhydrous  methyl  alcohol  and  the 
solution  was  cooled  to  -53°.  The  crystallized  material  was 
filtered  and  the  crystals  were  washed  with  cold  methyl  alcohol 
at  -20°.  The  crystals  were  redissolved  in  fresh  methyl 
alcohol  and  recystallized ,  filtered  and  washed  in  a  similar 
manner.  Three  more  crystallizations  in  this  manner  gave  a 
product  which  contained  about  98%  of  only  one  compound  as 
indicated  by  the  g.l.c.  analysis.  The  purified  fraction  thus 
obtained  was  then  distilled  under  vacuum  to  give  18  g  of 
XXVIII,  b.p.  55-56°  (1  mm),  n^7°=  1.6053.  Reported  (89) 

b.p.  108°  (20  mm),  n^ '  ^  =  1.6093  .  The  n.m.r.  spectrum 

(CCl^)  matched  exactly  with  that  reported  in  literature  (90) 
and  showed  peaks  at  t2.8  (m) ,  t2.95  (d)  (J  =  14  cps)  and 
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t3.3  (d)  (J  =  14  cps)  ,  ratio  6.0  :  1.0  (the  areas  of  the 
peaks  at  x2.8  and  t2.95  measured  together),  required  6:1. 

The  product  was  stored  in  amber  colored  bottle  and  kept  in 
a  dark  place. 

trans-Styrene-2-d-^  (XXIX)  : 

This  was  prepared  from  XXVIII  according  to  the 
method  of  Yoshino  and  co-workers  (71) .  All  apparatus  used 
was  thoroughly  dried.  Grignard  reagent  grade  magnesium 
was  oven  dried.  Tetrahydrof uran  was  refluxed  and  distilled 
over  lithium  aluminum  hydride  and  kept  over  sodium.  Ethyl 
bromide  and  XXVIII  were  dried  .with  Linde  molecular  sieves, 
type  4 A ,  before  use.  Magnesium  (2.2  g)  was  placed  in  a  5'0 
ml  three-necked  flask  provided  with  a  dropping  funnel,  calcium 
chloride  drying  tube  and  magnetic  stirrer.  A  solution  of 
XXVIII  (6.1  g,  0.033  mole)  and  ethyl  bromide  (5.45  g)  in  dry 
tetrahydrof uran  (36.6  g)  was  slowly  added  with  stirring  and 
cooling  the  contents  of  the  flask  with  ice-cold  water.  The 
addition  was  carried  out  in  one-half  hour  and  the  contents 
of  the  flask  were  kept  under  stirring  for  an  additional  one- 
ha!  f  hour.  The  reaction  mixture  was  cooled  with  ice  and 
deuterium  oxide  (5  ml)  added  dropwise.  The  mixture  was  then 
stirred  for  one  hour  and  extracted  with  ether.  The  ether 
solution  was  dried  with  anhydrous  magnesium  sulphate.  After 
removal  of  the  solvent  the  residual  liquid  was  distilled  under 
vacuum  through  a  vigreaux  column  in  a  current  of  nitrogen  to 
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obtain  2.8  g  (8C%^  of  XXIX,  b.p.  42-43°  (20  mm).  The 

g.l.c.  analysis  i  plicated  that  the  product  contained  a 
trace  impurity  of  tetrahydrof uran .  The  n.m.r.  spectrum 
(CC14)  showed  peaks  at  x2.7  (m)  ,  t3.35  a  doublet  of  triplets 
(J  =  18  cps,  J  =  2  cps)  ,  t4.38  (d)  (J  =  18  cps)  andx4.85  (d) 

(J  =  11  cps)  ratio  5.0  :  1.0  :  0.95  ;  0.05,  required  5:1:1. 

Purification  of  commercial  styrene: 

Styrene  (Eastman  Kodak,  practical  grade)  was 
washed  three  times  with  cold  10%  sodium  hydroxide  solution 
(1  :  1  on  volume)  and  then  washed  with  saturated  sodium 
chloride  solution  until  free  from  alkali.  The  styrene  was 
then  dried  with  anhydrous  magnesium  sulphate  and  distilled 
through  a  vigreaux  column  in  a  current  of  nitrogen.  A 
middle  cut  of  the  distillate  was  collected  in  a  clean  dry 
flask,  b.p.  44-45°  (20  mm)  ,  =  1.5435.  Reported  (  131) 

b.p.  40°  (14mm),  n^°°=  1.5462. 

Azo-bis-isobutyronitrile  (AIBN) : 

AIBN  (white  recrystallized  grade,  Aldrich  Chemical 
Co.)  was  recrystallized  twice  from  acetone- Skelly  B.  The 
fine  colorless  crystals  obtained  were  dried  in  a  darkened 
vacuum  desiccator  over  phosphorous  pentoxide  for  a  week. 

M.p,  101-102°  with  decomposition. 

Kinetics  of  Polymerization  of  the  styrenes : 


Apparatus : 
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Constant  temperature  bath: 

A  cylindrical  pyrex  jar  18 c  x  27"  mounted  in  a 
box  with  an  open  top  was  insulated  outside  with  glass  wool 
and  mica  chips.  The  jar  was  filled  with  light  weight 
mineral  oil  (Mineralube  10W) .  A  high  speed  stirrer,  with  a 
centrifugal  propeller,  reaching  nearly  to  the  bottom,  was 
mounted  on  the  jar.  Another  stirrer  with  propeller  blades 
was  mounted  at  about  45°  angle  so  that  the  propellor  was 
a'bout  6,:  below  the  surface  of  the  oil  and  3-4r  from  the  side 
of  the  jar.  Two  immersion  heaters  were  used  as  constant 
heat  source.  One  heater  (200  watts)  was  adjusted  with  a 
variac  so  that  the  temperature  of  the  bath  was  slightly 
lower  than  the  required  temperature  (70°).  A  Beckman  thermo¬ 
meter  connected  by  the  electrode  wire  of  a  thermocap  relay 
(Niagara  Electronic  Laboratories)  controlled  the  second 
intermittent  heater  (100  watts).  A  view  window  4"  x  6"  was 
cut  on  one  side  of  the  box  so  that  the  capillary  tubes  of 
the  dilatometer  could  be  observed.  Temperature  control  in 
the  bath  was  -  0.015°  at  70°  and  this  was  found  to  be  uni¬ 
form  throughout  the  oil  bath.  The  temperature  of  the  bath 
as  measured  by  a  N.B.S.  standard  thermometer  was  found  to  be 
69.96  -  0.015°. 

Cathetometer : 

A  precision  cathetometer  (Gaertner  Scientific  Co.) 
was  used  to  measure  the  height  of  the  meniscus  in  the  capil¬ 
lary.  The  precision  in  the  measurement  is  -  0.005  cm.  The 
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cathetometer  was  placed  and  levelled  at  about  two  and  one- 
half  feet  from  the  constant  temperature  bath. 

Dilatometer : 

This  was  essentially  of  the  same  design  as  that 
described  by  Barlett  (93) ,  with  the  exception  that  the 
monomer  reservoir  was  placed  on  the  same  side  as  the  volume 
cell.  A  description  o'f  the  dilatometer  is  given  in  Figure 
11.  The  dilatometer  was  made  by  the  glass  shop  of:  the 
chemistry  department.  A  precision  bore  capillary  tube 
(Fischer  Co)  of  inside  diameter  1.0  mm  was  used  for  the 
capillary  part  of  the  dilatometer.  In  the  earlier  runs  a 
standard  10/30  tapered  joint  was  used  to  connect  the  dila¬ 
tometer  to  the  vacuum  manifold.  It  was  found  that  the  rates 

could  not  be  reproduced.  It  was  thought  that  this  might  be 

• 

due  to  possible  contamination  from  the  grease  used  in  the 
tapered  joints.  So  in  all  runs  the  dilatometer  was  direc¬ 
tly  sealed  to  the  vacuum  manifold. 

Measurement  of  the  volume  of  the  dilatometer: 

The  empty,  clean  and  dry  dilatometer  was  weighed. 

It  was  filled  with  dry  and  clean  mercury  so  that  the  volume 
cell  and  the  capillary  tubes  were  filled.  Any  excess 
mercury  globules  sticking  to  the  other  parts  of  the  dilatometer 
were  carefully  tapped  into  the  side  tubes  and  removed  under 
aspiration  with  a  thin  capillary  tube.  Then  the  dilatometer 
was  kept  under  vacuum  (1  mm)  for  one  hour  to  remove  any  air 
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Figure  11.  Sketch  of  the  dilatometer  mounted  on  the  support 

E  Monomer  reservoir  for  dilatometer  18cmxl.4cm 
F  Volume  cell  6cmxl.4cm 

C  1  mm  standard  bore  capillary  15cm  from  M-M' 

G  Side  arm 

I  Point  at  which  the  dilatometer  is  sealed 
M  Mark  up  to  which  the  volume  of  dilatometer 
is  measured 

M'  Lower  mark  up  to  which  the  monomer  from  E  is 
transferred  to  F  at  room  temperature 
S  Dilatometer  support 
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pockets  inside  the  volume  cell.  The  dilatometer  was  then 
kept  in  a  large  beaker  of  water  at  25.5°  for  one  hour.  The 
positions  of  the  mercury  meniscus  in  both  the  capillary 
tubes  were  marked.  The  dilatometer  was  thoroughly  dried 
outside  and  weighted.  From  the  weight  of  the  mercury  and 
its  density  at  25.5°  ,  the  volume  of  the  dilatometer  up  to 
the  mark  in  the  capillary  tubes  was  calculated.  Two  such 
determinations  were  found  to  be  in  close  agreement.  The 
volume  of  the  dilatometer  up  to  the  mark  M  in  the  capillary 
was  6.7475  ml. 

High  Vacuum  system; 

The  conventional  high-vacuum  system  was  set  up 
using  a  Duo-Seal  Vacuum  pump,  a  mercury  diffusion  pump  and 

a  True-Vac  gauge.  With  this  system  it  was  possible  to 

-4  -5 

obtain  pressures  less  than  10  to  10  mm  of  mercury  during 
degassing  operations.  In  the  preliminary  runs  it  was  found 
that  grease  stop-cocks  and  standard  tapered  joints  were 
responsible  for  erratic  rates.  Therefore  all  the  vacuum 
stop-cocks  on  the  dilatometer  side  were  replaced  by  Viton 
greaseless  stop-cocks  (Springham  &  Co.).  With  this  modifi¬ 
cation  the  reproducibility  in  the  rates  was  excellent.  A 
general  outline  of  the  vacuum  manifold  from  the  monomer 
reservoir  to  the  dilatometer  is  depicted  in  Figure  12. 
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Figure  12.  Schematic  diagram  of  the  assembly  for 

distilling  the  monomer  into  the  dilatometer 

A  Viton  greaseless  stop-cocks 
B  Monomer  reservoir 

C  Intermediate  trap  for  distillation  of 
monomer  from  B  for  initiated  runs 
D  Dilatometer 

E  Monomer  reservoir  for  dilatometer 
G  Side-arm  through  which  the  monomer- 
initiator  solutions  can  be  added  to  E 
H  Side-arm  through  which  pure  distilled 
monomer  is  introduced  into  B 
I  Point  at  which  the  dilatometer  is  sealed 
and  disconnected  from  the  vacuum  manifold 
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Mo an ting  of  the  dilatometer  in  the  constant  temperature 
bath : 

The  dilatometer  was  clamped  to  a  T-shaped  support 
(see  Figure  11)  The  level  of  the  support  was  adjusted  so 
that  the  entire  dilatometer  was  immersed  when  it  was  placed 
in  the  constant  temperature  bath.  The  support  was  adjusted 
so  that  the  dilatometer  was  supported  vertically  and  the 
capillary  tube  was  parallel  to  the  vertical  plane  'of  the 
cathetometer .  This  was  easily  checked  through  the  telescope 
of  the  cathetometer,  once  focussed  onto  the  top  mark  of  the 
capillary  it  remained  in  exact  focus* when  the  telescope  was 
moved  down  to  view  the  bottom  mark  on  the  capillary.  It  was 
also  checked  that  the  vertical  cross-hair  in  the  telescope 
was  exactly  parallel  to  the  capillary.  Once  in  a  while, 
during  each  kinetic  run  the  upper  mark  on  the  capillary  was 
read  on  the  cathetometer  to  check  that  the  dilatometer  did 
not  move  accidentally. 

Cleaning  of  glass-ware: 

All  glass  apparatus  in  which  the  monomer  was 
handled  were  cleaned  with  a  mixture  of  concentrated  sulphuric 
acid  and  nitric  acid  (3  :  1  on  volume)  and  rinsed  several 
times  with  distilled  water.  They  were  filled  with  ammonium 
hydroxide  solution  and  after  two  hours  they  were  emptied  and 
rinsed  several  times  with  distilled  water.  They  were  finally 


dried  in  a  hot  oven  at  130°. 
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Cleaning  the  di3 atomeuer : 

After  each  run  the  dilatometer  was  emptied  and 
filled  with  reagent  grade  benzene.  It  was  heated  in  a  water 
bath  for  one-half  hour.  The  dilatometer  was  cleaned  in  this 
way  three  times  with  benzene.  Then  it  was  washed  four  times 
with  reagent  grade  acetone.  It  was  then  rinsed  several  times 
with  distilled  water  and  finally  dried  in  a  vacuum  oven  at 
110°  overnight.  After  every  two  runs  the  dilatometer  w as 
cleaned  in  addition  to  the  above  solvent  cleaning,  by  a 
similar  cleaning  cycle  as  used  for  cleaning  the  glass-ware. 

Filling  the  monomer  reservoir: 

Freshly  distilled  monomer,  viz,  styrene  or 
deuterated  styrene,  as  the  case  may  be,  was  charged  into  the 
monomer  reservoir  through  the  side  arm  and  the  side  arm  was 
sealed.  The  monomer  was  allowed  to  stand  at  room  temperature 
for  a  day  in  the  monomer  reservoir  and  then  degassed  by  four 
to  five  freeze-thaw  cycles  under  high-vacuum  to  less  than 
10  mm  pressure. 

Filling  the  dilatometer  with  the  monomer: 

Thermal  rates: 

The  clean  dilatometer  was  sealed  to  the  main  high- 

-4 

vacuum  manifold  and  was  evacuated  to  less  than  10  mm 
pressure.  The  monomer  was  allowed  to  distill  into  the  dila¬ 
tometer  reservoir  from  the  monomer  reservoir  by  warming  the 
latter  to  room  temperature  and  cooling  the  former  by  a  dry-ice 
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acetone  bath.  When  the  required  quantity  of  monomer  was 
distilled  into  the  dilatometer  reservoir,  the  monomer  reservoir 
line  was  closed.  The  monomer  in  the  dilatometer  was  again 
degassed  by  two  freeze-thaw  cycles.  The  dilatometer  was 
sealed  off  and  disconnected  from  the  vacuum  manifold  and  was 
mounted  on  the  dilatometer  support  bracket.  The  monomer 
reservoir  was  kept  immersed  in  a  drv-ice  acetone  bath  until 
the  next  filling.  . 

Initated  rates : 

Required  quantities  of  monomer  were  distilled  into 
the  intermediate  trap  from  the  monomer  reservoir.  The 
monomer-initiator  solutions  were  made  by  dissolving  a 
weighed  quantity  of  initiator  in  a  weighed  quantity  of  the 
distilled  monomer.  About  7.5  ml  of  the  solution  was  then 
carefully  transferred  to  the  dilatometer  reservoir  through 
the  side  arm,  with  a  10  ml  hypodermic  syringe.  The  side  arm 
was  then  sealed  off  and  the  monomer  solution  was  degassed  as 
before.  The  dilatometer  was  covered  with  aluminum  foil  to 
keep  away  any  direct  light.  After  degassing  the  dilatometer 
was  sealed  off,  detached  form  the  vacuum  manifold  as  before 
and  then  mounted  on  the  support  bracket. 

Kinetic  run: 

The  monomer  in  the  dilatometer  reservoir  was  warmed 
to  room  temperature  and  by  careful  tilting  of  the  di latometer 
the  monomer  was  transferred  to  the  volume  cell  up  to  the 


. 


-134- 


TABLE  XIX  TYPICAL  KINETIC  RUN  OBSERVATIONS  FOR 
POLYMERIZATION  RATE  OF  STYRENE  AT  70°. 


Monomer :  Styrene 

Type 

:  Thermal 

Run  No.  5 

Date : 

25-1-65  Zero 

mark:  65.25 

Time 

Cathetometer 

reading 

cm. 

Time 

Cathetometer 

reading 

cm. 

4-30  p.m. 

start 

4-00 

62.26 

5-00 

63.97 

4-30 

62.19 

5-30 

63.895 

5-00 

62.115 

7-30 

• 

63.555 

• 

5-30  a.m. 

62.045 

8-00 

63.485 

• 

9-15 

63.285 

9-45 

63.205 

10-15 

63.135 

10-45 

63.06 

11-45 

62.915 

12-15 

62.835 

12-45 

62.77 

1  -15  a.m. 

62.685 

2-00 

62.575 

3-00 

62.43 

Cathetometer  reading 


Figure  13.  Typical  plot  of  cathetometer  readings  vs.  time 


in  the  Thermal  Polymerization  of  Styrene 
(Run  No.  5) 
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lower  mark.  .  The  lower  mark  was  fixed  by  earlier  trials  so 
that  the  liquid  meniscus  would  rise  near  to  the  upper  mark  on 
the  capillary  when  the  dilatometer  was  kept  at  70°.  Care  was 
taken  to  see  that  there  were  no  entrapped  bubbles  either  in 
the  volume  cell  or  in  the  capillary  tubes.  The  dilatometer 
on  its  support  was  then  kept  in  the  constant  temperature 
bath  and  the  time  at  which  it  was  placed  in  the  bath  was 
taken  as  zero  time.  The  liquid  meniscus  in  the  capillary 
attained  a  steady  height  within  five  minutes.  The  height  of 
the  meniscus  was  measured  by  the  cathetometer  at  regular 
intervals  of  time.  Readings  were  taken  at  one-hour  hour 
intervals  for  a  period  of  12  hours,  in  the  case  of  thermal 
rates.  In  the  case  of  initiated  rates  readings  were  taken 
at  300  second  intervals  for  a  period  of  one  and  one-half 
hours.  Two  to  four  kinetic  runs  were  carried  out  in  each  case 
A  plot  of  the  cathetometer  readings  versus  the  absolute  times 
was  made  and  from  the  slope  of  the  linear  plot  dh/dt  was 
determined.  Those  runs  only  in  which  good  linear  plots  were 
obtained,  were  taken  into  consideration  and  those  with 
deviations  were  discarded.  A  sample  set  of  observations  for 
a  typical  kinetic  run  is  shown  in  Table  XIX  and  a  typical 
plot  is  shown  in  Figure  13.  The  results  are  summarized  in 
Tables  III  to  XIII. 

Polymerization  of  tr an s- styrene-  2-d  (XXIX) : 


trans -Styrene- 2 -d  was  freshly  distilled  and  about 
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1  ml  was  transferred  into  one  of  the  legs  of  a  H-shaped 
tube  and  sealed  to  the  vacuum  manifold.  The  styrene  was 
degassed  as  earlier.  The  tube  was  sealed  off  and  detached 
from  the  vacuum  manifold.  The  tube  was  kept  in  a  constant 
temperature  bath  at  70°  for  three  hours.  Another  tube  which 
was  made  similarly  was  kept  at  70°  for  17  hours.  The  tubes 
were  cooled,  connected  to  the  vacuum  manifold  and  degassed 
as  usual.  The  styrene  was  distilled  from  the  polymer  to  the 
empty  leg  of  the  tube.  The  distilled  styrene  was  dissolved 
in  carbon  tetrachloride  and  the  n.m.r.  spectrum  was  obtained. 
The  n.m.r.  spectra  in  both  the  cases  matched  exactly  with 
that  of  the  starting  material .  The  ratio  of  the 
area  of  the  trans- 2 -proton  signal  to  that  of  the  cis  -2- 
proton,  in  both  the  cases  was  19.0  :  1.0.  This  ratio  was 
same  as  in  that  of  the  starting  material.  Thus  there  was  no 
indication  of  any  isomerization  of  trans-syrene-2-d  to  cis- 
styrene-2-d  within  the  limits  of  detection  by  the  method  of 
analysis . 
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CHAPTER  II 

cis-3 ,  6-Diphenyl-3 ,4,5, 6-tetrahydropyridazine  as  a  Source 
for  1 , 4-Diphenylbutaaiyl  Diradical: 


The  kinetic  isotope  studies  in  the  polymerization 
of  styrenes  substituted  with  deuterium  in  the  1- ,  2,  2- , 
and  o,o ' -positions  indicated  that  a  Diels-Alder  adduct 
reversibly  formed  between  two  molecules  of  styrene  might  be 
the  preferred  intermediate  over  a  diradical  intermediate 
in  the  thermal  initiation  step.  .A  diradical  intermediate 

Q 

was  not  preferred  also  on  the  basis  that  there  was  no  change 
in  the  stereochemistry  of  the  styrene  recovered  from  the' 
thermally  polymerized  trans- styrene- 2 -d .  The  isotope  effect 
of  k0tJ/k0r,  =  1.47  -  1.5,  in  the  case  of  the  styrene-l-d 
system  and  ^2H^2D  =  1,28  "  1.41  in  the  case  of  the  styrene- 
2,  2-d£  system  were  ranked  as  a  secondary  kinetic  isotope 
effects,  but  the  magnitude  of  these  isotope  effects  could 
not  be  explained.  One  could  argue  that  there  might  be  a 
small  contribution  of  a  primary  kinetic  isotope  effects  in 
these  systems  if  Mechanism  I  and  II  are  also  operating  and 
therefore  the  intermediacy  of  the  diradical  cannot  be 
completely  excluded. 

A  self-consistent  interpretation  of  many  different 
isotope  effects  in  terms  of  a  relatively  small  number  of 
factors  is  often  difficult.  If  the  observed  isotope  effects 


-139- 


in  the  styrene-l-d  and  the  styrene-2 , 2-d?  systems  require 
the  consideration  of  Mechanism  I  and  II ,  it  is  necessary 
to  re-examine  the  problem  by  an  independent  means  from  a 
different  angle  to  confirm  the  choice  of  any  mechanism. 

In  Mechanism  I- and  II  the  1 , 4-diphenylbutadiyl 
diradical  is  postulated  as  the  binary  association  product 
reversibly  formed  between  two  molecules  of  styrene.  If  this 
were  true,  the  rate  of  polymerization  of  styrene  should  be 
enhanced  when  styrene  is  polymerized  in  the  presence  of 
initiators  capable  of  producing  ‘the  required  diradicals 
in  situ .  Many  workers  (25,56,57)  have  studied  this  aspect 
and  found  that  diradical  intermediates  do  not  propagate 
the  polymerization  reaction  of  styrene.  The  diradical 
models  used  by  these  workers  were  different  from  the  required 
1 , 4-diphenylbutadiyl  diradical.  However,  Cohen  (58)  used 
3 , 6-diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine  as  the  diradical 
source,  which  would  produce  the  required  1, 4-diphenylbutadiyl 
diradical.  He  concluded  that  the  diradical  could  carry 
only  eight  to  nine  chains  when  styrene  was  polymerized  in 
its  presence.  The  experimental  technique  employed  for  the 
estimation  of  kinetic  chain  length  was  crude  and  approximate. 
He  did  not  characterize  the  decomposition  products  of  3,6- 
diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine .  It  is  worthwhile  to 
re-examine  the  products  of  decomposition  of  this  compound 
and  also  decide  the  fate  of  the  diradical  that  would  be 
produced  during  the  decomposition  of  the  compound. 
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The . preparation ,  characterization  and  the  examina¬ 
tion  of  the  decomposition  products  of  3 , 6-diphenyl- 3 , 4 , 5 , 6- 
tetrahydropyridazine  are  presented  in  this  chapter.  The 
kinetics,  using  this  compound  as  the  diradical  source  in 
styrene  polymerization,  were  also  measured  and  the  results 
are  discussed. 


RESULTS 

«  « 

Preparation  of  cis-3 , 6-Diphenyl-3 ,4,5, 6-tetrahydropyridazine  (XXXIV) 

The  compound,  XXXIV,  was  prepared  according  to 

% 

the  method  of  Cohen  and  coworkers  (58)  with  some  modications 

in  the  saponification  step  and  workup  procedure  resulting  in 
high  yields  and  purity.  The  method  is  outlined  in  Scheme  5. 

trails,  trans-1 , 4-Diphenylbutadiene  and  1 , 2-diazo-dicarboxy- 
late  were  heated  and  the  Diels-Alder  adduct,  cis-3 ,6-diphenyl- 
1,2-  dicarbethoxy-1 , 2 , 3 , 6-tetrahydropyridazine ,  (XXXI), 
was  obtained  in  81%  yield.  Hydrogenation  of  XXXI  gave  the 
cis-3 , 6-diphenyl-l , 2-dicarbethoxyhexahydropyridazine  (XXXII) 
in  89%  yield.  The  n.m.r.  spectrum  (CDCl^)  showed  a  multiplet 
between  x2.45  and  t3.18  a  broad  peak  between  t4.27  and  x4.83 
(1/2  W  =  17  cps) ,  a  broad  peak  between  x4.88  and  x5.26  (1/2 
W  =  10  cps) ,  a  poorly  resolved  quartet  between  x5.62  and  x6.35 
(J  =  7  cps),  a  multiplet  between  x7.8  and  x8.5  and  a  poorly 
resolved  triplet  at  x8.Q  (J  =  7  cps).  The  multiplet  at 
low  field  x 2 . 45  -  x3.18  equivalent  to  ten  protons  is  due  to 
the  phenyl  protons,  the  quartet  at  x5.62  -  x6.35  equivalent 
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to  four  protons  is  due  to  methylene  protons  of  the  carbethoxy 
groups  coupling  with  the  adjacent  methyl  protons.  The  poor 
resolution  of  the  quartet  must  be  due  to  slow  interconversion 
of  one  chair  conformation  to  the  other. 


The  broad  multiplet  at  t7.8  -  t8.5  equivalent  to  four 
protons  is  due  to  the  methylene  protons  of  the  ring  and 
the  triplet  at  x8.9  equivalent  to  six  protons  is  due  to  the 
methyl  protons  of  the  carbethoxy  groups  coupling  with  the 
adjacent  methylene  protons.  The  two  broad  peaks  at  t4.27  - 
t4.83  and  at  t4.88  -  x5.26  equivalent  to  one  proton  each 
are  due  to  the  two  different  benzylic  protons.  The  stereo¬ 
chemistry  of  the  phenyl  groups  can  be  judged  from  that  of 
the  two  protons  at  the  and  positions.  If  the  phenyl 
groups  are  cis ,  then  in  both  the  chair-forms  there  is  only 
one  axial  benzylic  proton  having  axial-axial  (dihedral 
angle  180°)  and  axial-equatorial  (dihedral  angle  60°) 
interactions  with  the  adjacent  methylene  protons.  The  other 
benzylic  proton  in  equatorial  position  is  having  equate v1  al- 
axial  (dihedral  angle  60°)  and  equatorial-equatorial  (di¬ 
hedral  angle  60°)  interactions  with  the  adjacent  methylene 
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protons.  It  has  been  indicated  that  axial-axial  proton 
interactions  show  a  coupling  of  J  -  8  cps.  Whereas  axial- 
equatorial  and  equatorial-equatorial  proton  interactions 
show  a  coupling  of  J  -  2  cps  (132).  Therefore,  one  would 
expect  the  axial  benzylic  proton  to  appear  as  a  broader 
peak  compared  to  that  of  the  equatorial  one.  The  observed 
value  of  1/2  W  =  17  cps  and  1/2  W  =  10  cps  for  the  two  peaks 
at  x4.27  -  t4.83  and  t4.88  -  x5.26  respectively  seem  to  be 
in  order  for  a  cis-diphenyl  compound.  The  axial  benzylic 
proton  signal  appeared  at  low  field  possibly  due  to  the  aniso- 

9 

tropic  effect  of  the  lone  pair  of  electrons  on  the  adjacent 
nitrogen  atom.  If  the  phenyl  groups  were  trans  diequatorial  . 
in  XXXII,  one  would  expect  only 


H 


one  binad  peak  for  both  the  benzylic  protons  at  low  field. 

The  other  chair  form  in  which  the  phenyl  groups  are  trans- 
diaxial  will  be  less  stable.  Thus  the  n.m.r.  spectral 
evidence  indicates  that  the  compound,  XXXII,  has  the  phenyl 
groups  cis  to  each  other.  In  the  Diels-Alder  reaction  of 
trans,  trans-1 , 4-diphenylbutadiene  and  1 , 2-diazo-dicarboxylate , 
one  might  expect  to  form  a  cis-diphenyl  adduct  (XXXI).  This 
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is  a  reasonable  assumption  since  the  steric  arrangements  in 
the  diene  and  the  dienophile  are  often  preserved  and  the 
diene  addition  is  pure  cis  in  the  Diels-Alder  reactions.  (128) 


H  V  y?>C6H5 


XXX 


XXXI 


Hydrogenation  of  XXXI  should  not  affect  the  stereochemistry 
at  and  atoms  and  the  compound,  XXXII,  should  have  phenyl 
groups  cis  to  each  .other.  This  assumption  is  very  well 
borne  out  by  the  n.m.r.  spectral  evidence. 


A  salt  was  formed  when  XXXII  was  saponified  with 


100%  excess  potassium  hydroxide  in  ethanol  under  reflux. 

The  solution  of  this  salt  in  water  when  acidified  with  acetic 
acid  liberated  carbondioxide  and  an  oily-product  separated 
out.  The  oily  product  solidified  on  cooling.  This  solid 
product  was  suspected  to  be  a  partially  saponified  XXXII 
because  the  infrared  spectrum  (KBr)  of  the  solid  product 
showed  an  absorption  band  at  3420  cm  ^  (N-H  stretching) 
and  a  strong  band  at  1695  cm  ^  (carbonyl  stretch) .  The 
n.m.r.  spectrum  (CCl^)  showed  a  multiplet  at  t2.55  -  x2.9, 
a  broad  peak  at  x4.65  (1/2  W  =  11  cps) ,  a  broad  peak  at  -5.2, 
a  quartet  at  i5.85  (J  =  7  cps) ,  a  broad  peak  at  to. 22  (1/2  W  = 
12  cps) ,  a  multiplet  at  x7.6  -  x8.1,  a  multiplet  at 
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t8.1  -  t8.41,  and  a  triplet  at  x8.74  (J  =  7  cps)  .  Tne  ratio 
of  the  peaks  was  10  :  1  :  0 . 95  :  2  :  1  :  2  ;  2  :  3 .  The 
peak  at  t5.2  in  the  n.m.r.  spectrum  disappeared  when  the 
sample  was  exchanged  with  D^O.  The  respective  peaks  are 
assigned  as  shown  in  the  following  structure: 


1 6 . 2 2  1 2 . 55  -  2.9 


The  integrated  areas  of  the  respective  peaks  correspond  with 
the  required  ratio  of  10  :  1  :  1  :  2  :  1  :  2  :  2  :  3.  The 
elemental  analysis  is  in  agreement  with  the  molecular  formula. 
It  is  concluded  that  the  solid  product  obtained  above  is 
3 , 6-diphenyl-2-carbethoxyhexahydropyridazine  (XXIII) . 

When  XXXII  was  saponified  using  large  excess  of 
potassium  hydroxide  in  methanol  under  reflux  and  under 
similar  work-up  procedure  as  above  there  was  obtained  a 
product  melting  at  158  -  159°.  This  product  was  identified 
as  the  hydrazone  (XXXV)  from  its  melting  point,  infrared 
and  n.m.r.  spectra.  Cohen  (58)  saponified  XXXII  using  large 
excess  of  potassium  hydroxide  in  methanol  under  reflux  in 
an  atmosphere  of  nitrogen.  The  reaction  mixture  was  poured 


-146- 


mto  water  and  the  solution  was  extracted  with  ether.  The 
ether  solution  was  concentrated  and  cooled.  Cohen  claimed 
that  a  20%  yield  of  XXXIV  was  obtained  by  his  procedure. 

However,  it  was  found  in  the  present  work  that  saponifica¬ 
tion  of  XXXII  and  working  up  the  reaction  mixture  according 
to  Cohen's  procedure  gave  a  product,  m.p.  115  -  140°,  largely 
contaminated  with  hydrazone,  XXXV.  According  to  Cohen, 
the  decarboxylation  of  the  acid  was  supposed  to  be  complete 
when  the  saponified  reaction  mixture  was  diluted  into  water. 
However,  it  was  found  that  the  decarboxylation  was  incomplete 
in  alkaline  solutions  and  it  was  completed  only  in  acidic 
solutions.  When  the  decarboxylation  was  carried  out  in 
acidic  solution  the  product  obtained  was  the  hydrazone,  XXXV. 

It  was  realized  that  the  hydrazine  that  was  formed  after 
decarboxylation  was  being  oxidized  rapidly  in  the  presence 
of  air  to  the  azo-compound  (XXXIV)  and  the  azo-compound  was 
then  isomerizing  very  rapidly  to  the  hydrazone,  XXXV,  in 
the  presence  of  acid.  This  was  avoided  by  diluting  the  reaction 
mixture  after  saponification  and  acidifying  the  resulting 
solution  with  acetic  acid  under  an  atmosphere  of  nitrogen. 

The  reaction  mixture  was  stirred  until  clear  and  made 
alkaline  to  phenolphthalein ,  when  an  oily  product  separated. 

The  oily  product  was  extracted  with  ether.  The  ether 
solution  was  dried,  concentrated,  and  the  residue  was 
allowed  to  stand.  On  cooling,  the  azo-compound,  XXXIV, 
was  obtained  in  75%  yield.  The  compound,  XXXIV,  melted  at 
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112  to  113°  with  decomposition.  The  spectral  characterization 
of  this  compound  became  difficult  because  of  its  facile 
isomerization  to  the  hydrazone.  The  infrared  and  n.m.r. 
spectral  analysis  of  the  azo-compound,  XXXIV,  under  normal 
conditions  of  analysis,  showed  spectra  corresponding  to  that 
of  the  hydrazone,  XXXV.  However,  it  was  observed  that  the 
isomerization  of  the  azo-compound,  XXXIV,  was  negligible 
in  carefully  purified  solvents  like  benzene,  toluene,  ethyl 
benzene,  methanol,  and  ether.  Even  in  the  presence  of  small 
amounts  of  acids  XXXIV  isomerized  immediately  to  XXXV.  The 
n.m.r.  spectrum  (benzene-dg,  external  tMS)  of  XXXIV  showed 
a  multiplet  centered  at  t3.2,  a  multiplet  at  x7.2,  a  multiplet 
at  t9.05  and  a  multiplet  at  x9.55.  All  the  peaks  shifted 
upfield  by  about  one  x  value  because  of  the  external  TMS. 

The  multiplet  at  x3.2  equivalent  to  ten  protons  is  due  to 
the  ten  phenyl  protons,  the  multiplet  at  x7.2  equivalent  to 
two  protons  is  due  to  the  two  benzylic  protons,  the  multiplets 
at  x9.05  and  x9.55  equivalent  to  two  protons  each  are  due 
to  the  four  methylene  protons.  The  ratio  of  the  integrated 
areas  of  the  respective  peaks  is  4.9  :  1.0  :  1.03  :  1-1 
required  5  :  1  :  1  :  1.  The  mass  spectrum  of  XXXIV  at  70  ev 
with  an  inlet  temperature  of  100°  showed  a  fragmentation 
pattern  typical  for  styrene  with  the  mass  peak  m/e  104, 
whereas  the  mass  spectrum  of  the  hydrazone,  XXXV,  at  70  ev 
with  an  inlet  temperature  or  100°  showed  the  parent  peak, 
m/e  236.  It  appears  that  the  azo-compound,  XXXIV,  decomposed 
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to  styrene  prior  to  its  entry  into  the  electron  impact 

chamber.  The  mass  spectra  of  XXXIV  and  XXXV  obtained  by 

direct  probe  were  identical  and  both  showed  parent  peak, 

m/e  236.  It  appears  that  the  azo-compound,  XXXIV,  isomerized 

to  the  hydrazone,  XXXV,  in  the  electron  impact  chamber.  The 

ultra  violet  absorption  spectrum  (CH^OH)  showed  absorption 

maximum  at  385  mu,  log  e  2.56.  This  is  atypical  when  compared 

with  the  absorption  maximum  for  acyclic  or  cyclic  azo-compounds 

which  is  generally  at  320  -  360  my.  Cohen  (58)  ascribed 

this  shift  to  higher  wave-lengths,  as  due  to  the  cis- 

character  of  the  phenyl  groups  in  the  azo-compound.  The  azo-compound 

is  stable  for  over  a  period  of  one  year  when  stored  in  a 

cold  dark  place  and- its  melting  point  and  decomposition 

characteristics  have  not  changed. 

Attempts  to  prepare  the  corresponding  trans-azo¬ 
compound  were  not  successful. 

Preparation  of  cis-  and  trans-1 , 2-dipheny lcyclobutanes : 

The  cis-  and  trans-1 , 2-diphenylcyclobutanes 
were  required  as  authentic  compounds  for  identif icaiton  of 
the  decomposition  products  of  the  azo  compound,  XXXIV. 

The  synthetic  sequence  employed  for  the  preparation  of  the 
diphenylcyclobutanes  is  shown  in  Scheme  6. 

1-Phenyl-cyclopropane  carbonitrile  (XXXVI) 
was  prepared  in  70%  yield  by  treating  phenylacetonitrile 
with  1 , 2-dibromoethane  in  the  presence  of  sodamide  according 
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to  the  method  of  Newman  and  Kauger  (133).  The  infrared  and 
n.m.r.  spectra  correspond  to  those  reported  (133).  The  compound, 
XXXVI,  was  converted  to  1-phenylcyclopropyl  phenyl  ketone 
(XXXVII)  in  75%  yield  by  treating  it  with  phenylmagnesium 
bromide  followed  by  hydrolysis,  according  to  the  method  of 
Bunce  and  Cloak  (134) .  The  infrared  spectrum  (KBr)  showed 
an  absorption  band  at  1660  cm  ^  (carbonyl  stretching 
vibration)  .  The  n'.m.r.  spectrum  (CCl^)  correspond^  to  that 
reported  in  literature  (133).  The  compound,  XXXVII,  was 
converted  to  its  tosylhydrazone  (XXXVIII)  in  76%  yield  by 
treating  it  with  tosylhydrazine  according  to  the  method  of 
Battiste  and  Burns  (135) .  The  base  catalysed  decomposition 
of  XXXVIII  in  N-methyl-2-pyrrolidone ,  according  to  the  method 
of  Battiste  and  Burns  (135),  gave  1 , 2-diphenylcyclobutene 
(XXXIX)  in  76%  yield.  The  physical  properties  and  the  n.m.r. 
spectrum  correspond  with  those  reported  (133,  135,  136) 
for  XXXIX.  Reduction  of  XXXIX  using  palladium-on-carbon 
catalyst  gave  cis-1 , 2-diphenylcyclobutane  (XL)  in  72%  yield. 

The  n.m.r.  spectrum  (CCl^)  showed  a  multiplet  centered  at 
t3.2,  a  multiplet  centered  a+-  t6.06  and  a  multiplet  centered 
at  t7.57.  The  ratio  of  the  integrated  areas  of  the  respective 
peaks  is  10.0  :  2.02  :  4.0,  required  10  :  2  :  4.  When  the 
reduction  of  XXIX  was  allowed  to  proceed  until  the  hydrogen 
uptake  had  stopped,  1 , 4-diphenylbutane  was  obtained  in 
quantitative  yield.  The  product  was  identified  by  comparison 
with  an  authentic  sample,  (melting  point,  infrared  and  n.m.r. 
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spectra)  .  The  cis-1 , 2 -diphenyl c.yclobutane  was  readily 
isomer ized  to  the  j_rans-l , 2-diphenylcyclobutane  (XLI)  by 
treatment  with  potassium  t-butoxide  in  dimethyl  sulfoxide. 

The  n.m.r.  spectrum  (CC14)  showed  a  sharp  singlet  at  t2.9, 
a  multiplet  at  x6.51  and  a  multiplet  at  x7.25.  The  ratio 
of  the  integrated  areas  of  the  respective  peaks  is  10.0  : 

1.98  :  4.03,  required  10  :  2  :  4.  The  g.l.c.  analysis 
(SF  96  column,  175°)  showed  only  one  peak  and  the  absence 
of  the  cis- isomer .  An  attempt  to  prepare  the  trans-isomer 
by  the  reduction  of  XXXIX  using  sodium  in  alcohol  gave  a 
mixture  of  the  cis-  and  trans-1 , 2-diphenylcyclobutanes  and 
1 , 4-diphenylbutane . 

The  configurations  of  the  cis-  and  trans-1 , 2- 
diphenylcyclobutanes  were  assigned  from  the  methods  of 
synthesis  and  the  assignments  of  the  structures  are  borne 
out  by  their  n.m.r.  spectra.  The  phenyl  protons  appeared 
as  a  multiplet  in  the  n.m.r.  spectrum  of  the  cis-1 ,  2-diphenyl- 
cyclobutane  and  as  a  singlet  in  the  case  of  trans-1 ,2- 
diphenylcyclobutane .  This  seems  to  be  a  characteristic 
property  of  cis-  and  trans-1 , 2 -diphenyl cycloalkanes . 

Thus  a  multiplet  peak  for  the  cis-phenyl  protons  and  a  singlet 
peak  for  the  trans-phenyl  protons  are  observed  in  the  n.m.r. 
spectra  of  cis-  and  trans-1 , 2-diphenylcyclopropanes  (137). 

The  increased  deshielding  of  the  ct-protons  by  the  phenyl 
groups  in  the  cis-1 , 2-diphenylcyclobutane  would  be  expected 


and  in  the  case  of  trans-1 , 2-diphenylcyclobutane  increased 
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shielding  of  the  a-protons  by  the  phenyl  groups  would  be 
expected  (138).  Thus,  the  a-protons  in  the  cis-1 , 2 -diphenyl- 
cyclobutane  appeared  at  x6.06  and  in  the  case  of  trans¬ 
isomer  at  t6.51.  The  n.m.r.  spectra  of  the  cis-  and  trans- 
1 , 2-diphenylcyclobutanes  correspond  with  those  reported 
(139)  subsequent  to  the  present  work. 

Decomposition  of  cis-3 , 6-diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine 
(XXXIV) : 

Preliminary  experiments  were  carried  out  on  the 
decomposition  of  the  azo-compound,  XXXIV.  These  experiments 
(see  Experimental  Section)  indicated  that  (i)  the  compound 
decomposes  easily  to  give  off  nitrogen,  ( i i )  the  products 
of  decomposition  consisted  of  styrene,  cis-  and  trans-1 ,2- 
diphenylcyclobutanes ,  (iii)  ca.  30%  of  the  azo-compound, 

XXXIV,  isomerized  to  the  hydrazone,  XXXV.  Control  experiments 
indicated  that  the  hydrazone,  XXXV,  did  not  decompose  to  give 
nitrogen  or  the  products  observed  in  the  case  of  XXXIV. 

Since  it  was  desired  to  examine  the  azo-compound, 
XXXIV,  as  a  source  for  1 , 4-diphenylbutadiyl  diradicals, 
the  products  of  decomposition  of  XXXIV  in  a  suita^xa  solvent 
were  examined.  A  solution  of  the  azo-compound,  XXXIV, 

(0.16  g)  in  d^-benzene  (2  ml)  was  added  into  four  clean 
n.m.r.  tubes  (0.5  ml  in  each  tube),  the  solutions  were 
degassed  and  the  tubes  were  sealed.  The  n.m.r.  spectra 
of  these  solutions  were  checked  to  see  that  the  azo  compoand 
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Q.i  d  not  isomerize  to  the  hydrazone.  The  tubes  were  heated 
each  at  a  different  temperature  for  about  ten  half-lives 
at  the  respective  temperatures.  The  tubes  were  cooled  and 
the  n.m.r.  spectrum  was  obtained  in  each  case.  There  was 
no  indication  of  hydrazone  formation.  In  all  cases  the 
n.m.r.  spectra  were  identical  and  matched  perfectly  with 
that  of  an  artificial  mixture  of  authentic  samples  of  styrene 
(0.0214  g,  57.46  mole%),  cis-1 , 2-diphenylcyclobutane  (0.0209 
g,  28.04  mole%)  and  trans-1 , 2-diphenylcyclobutane  (0.0108  g, 
14.5  mole%)  in  d^-benzene.  The  proportions  of  the  artificial 
mixture  were  chosen  from  the  product  proportions  observed 
in  the  n.m.r.  spectra  of  the  heated  samples  above.  The 
contents  of  each  tube  were  analysed  by  g.l.c.  (SF  96  column, 
temperature  programming)  using  chlorobenzene  as  internal 
standard.  The  product  analysis’  data  on  the  decomposition 
of  the  azo  compound,  XXXIV,  at  different  temperatures  is 
shown  in  Table  XX.  Examination  of  the  data  indicates  that 
as  the  temperature  of  decomposition  is  increased  there  is 
an  increase  in  the  amount  of  styrene  formed  at  the  expense 
of  the  cyclic  compounds.  Another  interesting  feature 
is,  as  the  temperature  is  increased  there  is  an  increase  in 
the  amount  of  trans-1 , 2-diphenylcyclobutane.  In  the  range 
of  temperatures  studied  the  change  in  the  composition  of  the 
products  is  small.  No  quantitative  conclusions  can  be 
drown  at  the  present  time.  Neglecting  the  temperature 
effects,  it  appears  that  about  59  -  61  mole%  of  styrene, 
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TABLE  XX  RELATIVE  PRODUCT  DISTRIBUTION3, ' b  IN  THE  DECOMPOSITION 

OF  cis-3 , 6 -PI PHENYL- 3 ,4,5, 6-TETRAHYDROPYRIDAZINE  AT 
VARIOUS  TEMPERATURES . 


Solvent : 


Benzene-d 


6 


Product  proportions 

Temp,  of  mole  Pe^cent  _  ,  „  <XIV>  <XL> 

decomposition  glfheAyl-  offSInyi-'  (XL)  +  (XLI>  (XLI) 

Styrene  cyclobutane  cyclobutane 
(XIV)  •  (XL)  (XLI) 


64° 

58.96 

28.98 

12.35 

1.42 

2.35 

78° 

59.25 

27.98 

12.8 

1.45 

2.19 

98° 

60.05 

27.26 

12.7 

1.5 

2.15 

133° 

60.95 

25.56 

13.56 

1.56 

1.89 

a  Product  analysis  by  g.l.c.  on  SF  96  column  temperature 
programmed.  Analysis  was  done  in  triplicate. 

b  Average  of  two  separate  decomposition  runs  in  each  case. 
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25  -  29  mole%  of  cis-1 , 2-diphenylcyclobutane  and  about 
12  -  14  mole%  of  trans-1 , 2 -diphenyl cyclobutane  are  formed 
during  the  decomposition  of  the  azo  compound,  XXXIV. 

Rate  of  Decomposition  of  the  azo  compound f XXXIV ; 


The  rates  of  decomposition  of  the  azo  compound, 
XXXIV,  in  ethylbenzene  were  determined  by  measuring  the 
volume  of  nitrogen  evolved  as  a  function  of  time.  The 
rates  were  measured  at  three  different  temperatures  for 
approximately  seven  half-lives. 

The  rate  constant,  k^,  for  a  first-order  decomposi- 
tion  is  given  by 


[27] 

where 


2.303 

t 


log 


(V  -  V  ) 

oo  o 

(V  -  v  ) 

CO  t 


(140) 


t  =  time 

V  =  volume  of  nitrogen  evolved  at  infinite  time 

oo 

Vt  =  volume  of  nitrogen  evolved  for  time  t 


Since  the  initial  readings  of  volume  of  nitrogen  cannot  be 
measured  accurately  due  to  the  time  required  for  the  system 
to  reach  equilibrium,  a  graphical  plot  of  log  (V^  -  V^_) 
versus  time  was  made  so  that  the  slope  is  given  by  -k^/2.303. 
From  the  slope  of  the  plot  k^  was  caluclated.  A  typical 
rate  data  for  the  decomposition  of  XXXIV  is  given  in  Table 
XXI.  A  typical  plot  of  logCV^  -  Vfc)  is  shown  in  Figure  14. 
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TABLE  XXI  TYPICAL  RATE  DATA  FOR  THE  DECOMPOSITION  OF 

cis-3 , 6 -DIPHENYL- 3 ,4,5, 6-TETRAHYDROPYRIDAZ INE , 

XXXIV. 


Temperature  75°.  Solvent  Ethylbenzene.  Wt.  of  XXXIV  =  0.0543  g 


Time 

sec . 

Buret 

reading 

<v»-v 

% 

Log  (V^-V 

300 

12.2* 

5.3 

0.7243 

500 

12.6 

4.9 

0.6902 

700 

12.9 

4.6 

0.6628 

800 

13.05 

4.45 

'0.6484 

1000 

13.35 

4.15 

0.6180 

1200 

13.5 

4.0 

0.6021 

1400 

13.75 

3.75 

• 

0.5740 

1600 

14.00 

3.5 

0.5441 

1800 

14.2 

3.3 

0.5185 

2000 

14.4 

3.1 

0.4914 

2400 

14.75 

2.75 

0.4393 

2600 

14.9 

2.6 

0.415 

2800 

15.05 

2.45 

0.3892 

3100 

15.25 

2.25 

0.3522 

3400 

15.4 

2.1 

0.3222 

3600 

15.55 

1.95 

0.2900 

CO 

17.5 

(graphical) 

-1 

sec . 


2.94  x  10 


Log  (V 
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Figure  14.  Plot  of  log  (Va-V  )  vs.  time  for  nitrogen 

evolution  in  the  decomposition  of 

cis-3 , 6- diphenyl-3 , 4,5, 6-tetrahydropyridaz ine . 
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TABLE  XXII  THE  RATE  CONSTANTS  FOR  DECOMPOSITION  OF  cis-3 , 6- 

DIPHENYL-3 ,4,5, 6-TETRAHYDROPYRTDAZINE  IN  ETHYL¬ 
BENZENE  AT  VARIOUS  TEMPERATURES 


No. 

Heating 

liquid 

Temp . 

Weight 

of 

compd . 

g 

Nitrogen 
Vol.  %  yield 

ml . 

3 

SlopexlO 

from 

plot 

of 

log  (V  -V. 

CO  t 

vs  time 

i 

4 

k.xlO 

d  -i 
^sec 

tl/2 
sec . 

1 

Methanol 

64.7° 

0.0475 

4.0 

80 

0.0505 

1.163 

6000 

• 

2 

Carbon 

• 

• 

tetra- 

• 

chloride 

75.0° 

0.0543 

5.2 

100 

0.1275 

2.94 

2360 

3 

Ethylene 

dichloride 

79.5° 

0.0506 

CO 

• 

102 

0.2525 

5.82 

1192 

o 

• 

o 

o 

— 

— 

— 

- 

1 . 9a 

a  Calculated  value  from  the  plot  of  log  vs.  1/T. 
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The  half-life  is  calculated  from  the  relationship 


[28]  t  =  2'2°-  log  2  (141) 

I  d 

The  rate  data  are  given  in  Table  XXII.  It  should  be  mentioned 
that  the  volumes  measured  'were  small  and  the  accuracy  in 
the  rate  measurements  may  be  ca.  ±5%. 

The  activation  energy  for  the  decomposition  is 
calculated  directly  from  the  values  of  rate  constants  measured 
at  two  different  temperatures  using  the  Arrhenius  equation 


•  [29] 


where 


E 

a 


2.303  R  T1  T2 


log 


=  activation  energy 
T  =  273.16  +  temperature 

Using  k^  =  5.82  x  10  ^sec  ^ ,  k^2  =  1.16  x  10~^sec~^  at 

T^  =  352.16°K  and  T2  =  337.86°K  respectively  E^  is  calculated 

to  be  26.17  kcal./mole. 

Rate  polymerization  of  styrene  in  the  presence  of  the 
azo  compound ,  XXXIV: 


The  rate  of  polymerization  of  styrene  in  the 
presence  of  the  azo  compound,  XXXIV,  was  followed  by  the 
diiatometric  method,  the  details  of  which  are  described  in 
Chapter  1.  The  procedure  adopted  was  exactly  as  indicated 
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TABLE  XXIII  TYPICAL  DILATOMETRIC  RATE  DATA  FOR 

POLYMERIZATION  OF  STYRENE  IN  THE  PRESENCE 
OF  cis-3 , 6-DIPHENYL-3 ,4,5 , 6-TETRAHYDRO- 
PYRIDAZINE ,  XXXIV,  AT  70°. 

Run  No.  67  [XXXIV]  =  0.003792  M 


Time 


Decrease  in  the 


in  hours  height  of  meniscus 


0 

0 

1.0 

0.16 

1.5 

0.26 

2.5 

% 

0.46 

3.0 

0.555 

3.5 

0.65 

4.0 

• 

0.745 

5.0 

0.94 

5.5 

1.03 

6.0 

1.12 

6.5 

1.215 

7.0 

.  1.31 

8.0 

1.5 

8.5 

1.595 

9.0 

1.69 

10.0 

1.88 

10.5 

1.97 

11.0 

2.06 

12.0 

2.25 

in  cm. 
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TABLE  XXIV  COMPARISON  OF  THE  KINETICS  OF  POLYMERIZATION  OF 

STYRENE  IN  THE  PRESENCE  OF  AIBN  AND  cis-3,6- 
DIPHENYL-3 ,4 ,5, 6-TETRAHYDROPYRIDAZ INE ,  XXXIV,  AT  70°. 


No. 

Added 

compound 

Cone . 

x103M 

% 

R 

P  -1 
moles  1 

-1 

sec 

kd 

-i 

sec 

Kinetic 

chain 

length^ 

1 

None 

— 

4.681x10 

— 

2 

AIBN 

3.792 

-4b 

1.018x10 

-5C 

4.56x10 

582  per 
radical 
pair 

3 

XXXIV 

II 

6d 

5.756x10 

-4e 

1.9x10 

7-8  per 
diradical 

• 

1.5  per 

diradical 

a  Average  value  from  TABLE  VII 
b  Average  value  from  TABLE  XIII 
c  Reference  (94) 

d  Average  of  two  determinations  5.659x10  ; 5. 853x10  moles  1 

sec“l  of  Run  Nos.  67  &  68  respectively 
e  Calculated  from  data  in  TABLE  XXII 

f  Contribution  from  XXXIV  only,  after  deducting  thermal  rate, 
g  Kinetic  chain  length  =  R  /R.  =  R  /k.,x  cone,  of  added  compound. 

pl  p  Q 


. 
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Figure  15.  Plots  of  absolute  decrease  in  the  height  of  meniscus 

vs.  time  for  typical  polymerization  rates  of  styrene 
at  70°  in  the  presence  of  (i)  cis-3 , 6 -diphenyl- 3 ,4,5,6- 
tetrahydropyridazine  (ii)  potassium  tertiary  butoxide. 


•-©-©- 

no 

o-o-o- 

(i) 

x-x— x- 

(ii 

additive 

) 
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for  the  AIBN  initiated  rates.  Typical  dilatometric  rate 

data  for  the  polymerization  of  styrene  in  the  presence  of  XXXIV 

is  shown  in  Table  XXIII.  The  value  of  R  was  calculated 

P 

as  indicated  in  Chapter  I.  and  the  data  are  shown  in  Table 
XXIV.  Average  values  for  thermal  and  AIBN  initiated  rates 
of  polymerization  for  styrene  are  also  included  in  Table  XXIV 
for  comparison.  The  kinetic  chain  length,  in  the  case  of  AIBN 
initiated  polymerization  and  in  the  presence  of  the  azo 
compound  are  calculated  and  are  shown  in  Table  XXIV.  A 
comparison  of  the  thermal  rate  of  polymerization  of  styrene 
and  ‘that  in  the  presence  of  the  azo  compound,  XXXIV,  is  shown 
in  Figure  15.  The  data  indicate  that  the  rate  of  polymeriza¬ 
tion  in  the  presence  of  the  azo  compound  was  ca..  Ii2  times 
faster  than  the  thermal  rate,  where  as  the  AIBN  initiated  rate 
was  22  times  faster.  The  rate  of  polymerization  in  the  presence 
of  the  azo  compound  was  slower  than  that  in  the  presence 
of  AIBN  in  spite  of  the  faster  rate  of  decomposition  of  the 
azo  compound.  The  kinetic  chain  length  in  the  case  of  AIBN 
initiated  polymerization  was  ca.  585  per  radical  pair  produced 
and  ir  che  case  of  the  azo  compound  the  kinetic  chain  length 
was  ca.  7  per  diradical  produced.  Subtracting  the  thermal 
rate  contribution  from  the  rate  observed  in  the  presence  of 
the  azo  compound,  the  kinetic  chain  length  is  only  Cci.  1.5 
per  diradical  produced. 


■ 
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Decomposition  of  the  azo  compound,  XXXIV,  in  styrene. 

The  diradicals  produced  from  the  decomposition  of 
the  azo  compound,  XXXIV,  were  inefficient  initiators  in  the 
polymerization  reaction  of  styrene.  It  is  necessary  to  examine 
the  fate  of  the  diradicals  produced  from  the  decomposition 

of  the  azo  compound  in  styrene.  A  degassed  solution  of  the 

% 

azo  compound  in  pure  styrene  was  heated  at  98°  for  ca.  15 

•  I 

half-lives.  A  parallel  decomposition  of  the  azo  compound  in 
benzene  solution  was  also  carried  out.  The  products  were 
estimated  by  g.l.c.  analysis  (DEGS  column,  temperature 
programming) .  It  was  found  that  some  hydrazone  was  formed  in 
these  runs  due  to  isomerization  of  the  azo  compound.  The 
amount  of  the  hydrazone  formed  was  estimated  by  ultraviolet 
spectroscopy  (see  Experimental  ‘Section) .  The  product  analysis 
was  corrected  for  the  loss  of  the  azo  compound  due  to  isomeriza 
tion  to  its  hydrazone.  The  results  are  shown  in  Table  XXV. 

The  data  indicate  that  there  was  little  difference  in  the 
amounts  of  cis-  and  trans-1 , 2-diphenylcyclobutanes  formed  from 
the  decomposition  of  the  azo  compound  in  styrene  and  in  benzene 
Therefore,  it  appears  that  the  azo  compound,  XXXIV,  decomposes 
in  the  same  manner  in  both  styrene  and  in  benzene  and  gives 
nearly  the  same  yields  of  the  cis—  and  trans-1 , 2-diphenyl- 
cyclobutanes  in  both  the  cases.  It  is  evident  from  the 
above  results  that  styrene  did  not  scavenge  any  appreciable 
amount  of  diradicals  that  were  produced  in  the  decomposition 
of  the  azo  compound,  and  that  the  diradicals  cyclized  to  give 


' 


-165- 


TABLE  XXV  RELATIVE  PRODUCT  DISTRIBUTIONS  IN  THE  DECOMPOSITION 
0F  ci.s-3 , 6 -DIPHENYL- 3 ,4,5, 6-TETRAHYDROPYRIDAZINE 

IN  BENZENE  AND  IN  STYRENE  AT  98°. 


Product  proportions3 
mole  percent 

Solvent 

Styrene 

cis-1 ,2- 
Diphenyl- 
cyclobutane 

trans-1 . 2- 
Diphenyl- 
cyclobutane 

1 

Benzene 

r- 

r- 

• 

in 

24.15 

12.88 

63.98 

26.77b 

14 . 27b 

Styrene 

— 

20.2 

10.54 

25 . 34b 

• 

13 . 2  2b 

a  Analysed  by  g.l.c.  on  DEGS  column,  temperature  programmed, 
b  Corrected  for  isomerization  of  the  title  compound  to  its 
hydrazone. 


:  ^ 


■  >  - 
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rise  to  the  observed  diphenylcyolobutanes . 

DISCUSSION 

The  rate  of  decomposition  of  the  azo  compound,  XXXIV, 

is  5.82  x  10  ^  sec  ^  at  79.5°  with  half-life  ca.  20  minutes. 

-4 

This  value  is  m  close  agreement  with  the  value  of  6  x  10 
sec  ^  at  80°  as  estimated  by  Cohen  (58) .  In  contrast,  the  rate 
of  decomposition  of  the  acyclic  analog,  C^H^CH (CH^) -N=N- 
CH  (CH^ )  CgHj- ,  is  4.5  x  10  ^  sec  ^  at  80°  (58).  Cohen  (58) 
pointed  out  that  the  c is- structure  of  the  azo  compound,  XXXIV, 
leads  to  the  increased  ease  of  decomposition.  Overberger  (142) 
studied  the  rates  of  decomposition  of  some  five-,  seven-  and 
eight-membered  ring  azo  compounds.  He  argued  that  the  planar 
configuration  of  the  f ive-membered  azo  compound  induced  a 
considerable  amount  of  angular  strain  and  that  this  would 
weaken  the  C-N  bonds  and  furthermore,  the  planarity  of  the 
C-N=N-C  system  in  the  ground  state  would  greatly  facilitate 
the  decomposition.  The  rates  of  decomposition  of  some  cyclic 
azo  compounds  are  compared  in  Table  XXVI.  The  observed 
activation  energy  of  11.6  kcal./mole  for  the  decomposition 
of  the  f ive-membered  azo  compound  (see  Table  XXVI)  as  compared 
to  those  of  the  seven-and  eight-membered  ring  azo  compounds, 
29.7  and  36.7  kcal./mole  respectively  supports  the  above 
argument.  The  observed  activation  energy  of  26.2  kcal./mole 
for  the  decomposition  of  the  azo  compound,  XXXIV,  in  the 
present  work,  seem  to  fit  well  in  the  series  of  the  cyclic 
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TABLE  XXVI  KINETIC  DATA  ON  THE  DECOMPOSITION  OF  SOME 

CYCLIC  AZO  COMPOUNDS. 


Compound 

,  -1 
k,  sec 
d 

at  80° 

Relative  E 

a 

rate  kcal./mole 

Ref erance 

1-Azo-bis-l-phenylpropane 

1. 9xl0"6 

1 

32.3 

(142) 

3 , 5 -Diphenyl -1-pyr a zo line 

1. 0xl0~3 

526 

11.6 

(142) 

3 , 6-Diphenyl-3 ,4,5,6- 

tetrahydropyridazine 

-4 

5.82x10 

362 

26.2 

this  work 

3 , 7-Diphenyl-l , 2-diazo- 

• 

• 

1-cycloheptane 

4 . 3xl0~4 

268 

29.7 

(142) 

3 , 8 -Diphenyl-1 , 2-diaza- 

1-cyclc-octene 

3.5xl0"8 

0.02 

36.7 

(142) 

a  rate  measured  at  79.5°  in  this  work. 
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azo  compounds  given  in  Table  XXVI. 

Overberger  (142)  studied  the  decomposition  of  trans- 
3 , 5-diphenylpyrazoline  and  concluded  that  it  decomposes  to 
a  1,3-diradical  intermediate.  Crawford  and  Mishra  (143) 
studied  extensively  the  kinetics  of  1-pyrazolines  and  provided 
convincing  evidence  for  supporting  their  conclusions  that 
the  decomposition  of  the  f ive-membered  azo  compound  involves 

•  I 

a  two  bond  cleavage  mechanism  giving  rise  to  a  1,3-diradical 
intermediate.  Thus,  a  concerted  process  for  the  decomposition 
of  the  azo  compound,  XXXIV,  seems  to  be  unlikely  and  the  diphenyl- 
cyclobutanes  must  have  formed  from  the  1,4-diradical  intermediates. 
Therefore,  the  1 , 4-diphenylbutadiyl  diradicals  must  be  present 
in  the  decomposition  of  the  azo  compound,  XXXIV. 

In  the  decomposition  of  the  azo  compound,  XXXIV, 
the  following  product  distribution  was  observed: 


The  ratio  of  cis-1 y 2-diphenylcyclobutane  to  its  trans-isomer 
was  about  70  :  30.  Thus  the  results  indicate  that  the 
decomposition  of  the  azo  compound,  XXXIV,  seems  to  be  largely 
stereoselective.  It  is  difficult  to  predict  whether  the 
styrene  is  formed  via  the  diradical  intermediate  or  by  a 


separate  concerted  mechanism. 


. 


v.„  «.«'** 


-169- 


It  was  observed  that  the  ratio  of  styrene  to  diphenylcyclo- 
butanes  remained  nearly  constant  (see  Table  XX)  when  the  azo 
compound,  XXXIV,  was  decomposed  at  temperatures  ranging  from 
65°  to  133°.  This  result  indicates  that  a  common  intermediate 
is  involved  in  the  formation  of  styrene  and  diphenyl  cyclo¬ 
butanes.  Thus,  it  appears  that  the  azo  compound,  XXXIV, 
decomposes  by  a  two  bond  cleavage  mechanism  to  give  rise  to 
1 , 4-diphenylbutadiyl  diradical  intermediate  and  that  the 
observed  products  are  formed  from  this  intermediate.  Un¬ 
fortunately  the  attempts  to  prepare  the  trans-3 , 6-diphenyl- 
3,4,5, 6-tetrahydropyridazine  were  unsuccessful.  Observation 
of  its  rate  of  decomposition  and  the  product  distribution 
could  have  thrown  some  more  light  on  the  mechanism  of  the 
decomposition  of  this  six-membered  azo  compound.  It  is 
difficult  to  speculate  on  the  mode  of  decomposition  of  the  azo 
compound,  XXXIV,  without  further  data. 
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1 f 4-Diphenylbutadiy 1  diradical  as  an  initiator  in  styrene: 

According  to  Mechanism  I  or  II  (see  Chapter  I, 
page  83)  the  diradical  intermediate  formed  reversibly  between 
two  molecules  of  styrene,  could  react  with  a  third  molecule 
of  styrene'  in  a  slow  step  to  give  rise  to  two  monoradicals. 

If  this  were  true,  one  might  have  observed  considerable  rate 
enhancement  in  the  polymerization  of  styrene  in  the  presence 
of  the  azo  compound,  XXXIV.  The  lack  of  appreciable  rate 
enhancement  in  the  polymerization  of  styrene  in  the  presence 
of  the  azo  compound,  XXXIV,  shows  that  even  under  favorable 
conditions  the  1 , 4-diphenylbutadiyl  diradicals  cannot  propagate 
the  chains.  The  rate  of  polymerization  was  only  1.2  times 
faster  in  the  presence  of  the  azo  compound  as  compared  to  the 

thermal  rate.  Subtracting  the  thermal  rate  contribution  from 

% 

the  rate  observed  in  the  presence  of  the  azo  compound,  the 
kinetic  chain  length  obtained  in  the  presence  of  the  azo 
compound  was  negligible  as  compared  with  the  kinetic  chain  . 
length  obtained  in  the  case  of  AIBN  initiated  polymerization 
of  styrene  (see  Table  XXIV) . 

If  the  diradical  species  were  to  react  with  styrene 
and  produce  monoradicals  (according  to  Mechanism  I  or  II) , 
one  might  observe  very  little  of  the  1 , 2-diphenylcyclobutanes 
when  the  azo  compound,  XXXIV,  was  decomposed  in  styrene. 

The  same  amounts  of  the  cis-  and  trans-1 , 2-diphenylcyclobutanes 
wo  .e  formed  from  the  azo  compound  in  styrene  as  in  benzene 
(see  Table  XXV)  .  Very  litta.e,  if  any,  of  the  1 , 4-diphenyl¬ 
butadiyl  diradicals  are  scavenged  by  the  styrene  and  the 
cyclization  of  the  diradicals  is  faster  than  reaction  with 


' - 
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styrene.  Thus,  in  the  thermal  initiation  step  of  styrene 

polymerization,  even  if  1 , 4-diphenylbutadiyl  diradical 

intermediates  were  involved,  they  would  tend  to  cyclize  to 

form  1 , 2-diphenylcyclobutanes  rather  than  undergo  hydrogen 

transfer  reactions  with  styrene.  However,  very  little,  if 

any,  of  the  1 , 2-diphenylcyclobutanes  are  found  in  the  thermally 

polymerized  styrene  (see  Chapter  III) . 

It  is  concluded  in  the  light  of  the  above  evidence 

that  the  1 , 4-diphenylbutadiyl  diradical  intermediates  are  not 

involved  in  the  initiation  step  of  the  thermal  polymerization 

of  styrene.  The  observed  isotope  effects  in  the  cases  of  the 

k2H 

styrene-2 , 2-d0  {t- — )  =  1.28  -  1.41)  and  the  styrene-l-d 
k  k2D 

(- — )  =  1.47  -  1.5)  systems  do  not  have  any  contributions  of 
k2D 

primary  kinetic  isotope  effects  as  would  be  expected  through 
Mechanisms  I  and  II,  and  therefore  must  be  secondary  kinetic 
isotope  effects.  However,  the  magnitude  of  these  secondary 
isotope  effects  cannot  be  easily  explained. 
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EXPERIMENTAL 

cis-3 , 6-Diphenyl- 1 , 2-dicarbethoxv-  ,  2 , 3 , 6-tetrahydropy- 

ridazine  (XXXI) : 

This  was  prepared  according  to  the  method  of 
Alder  and  Niklas  (144)  by  .the  Diels-Alder  addition  of  diethyl 
azo-dicarboxylate  to  1 , 4-diphenylbutadience .  Diethyl  azo- 
dicarboxylate  (26.1  g,  0.15  mole)  and  1 , 4-diphenylbutadiene 
(30.9  g,  0.15  mole)  were  heated  on  a  steam  bath  for  three 
hours.  The  yellow  solid  mass  was  broken  up  and  heated  further 
overnight.  The  adduct  was  crystallized  from  acetonitrile 
and  the  crystals  washed  with  pentane  and  dried;  47  g,  81% 
yield,  m.p.  132-133°,  reported  (144)  m.p.  132°. 

cis -  3 r 6-Diphenyl-l , 2-dicarbethoxy-hexahydropyridazine  (XXXII)  : 

This  was  made  from  XXXI  by  hydrogenation  according 
to  the  method  of  Alder  and  Niklas  (144).  The  adduct  (18.0  g, 
0.05  mole)  was  hydrogenated  in  98%  ethanol  (400  ml)  over 
platinum  oxide  (0.2  g)  at  30  p.s.i.  at  room  temperature.  The 
solution  was  filtered  and  solvent  removed  under  vacuum.  The 
residual  syrupy  liquid  was  dissolved  in  a  minimum  amount  of 
methyl  alcohol  and  just  enough  water  was  added  to  cause  tur¬ 
bidity.  The  solution  was  cooled  overnight  in  ice  to  obtain  a 
fine  crystalline  material.  It  was  recrystallized  from 
methanol-water  to  yield  15.5  g,  (89%)  of  XXXII,  m.p.  83-87°, 
reported  (144)  m.p.  87°.  Recrystallization  from  methanol- 
water  dil  not  improve  the  melting  range.  The  n.m.r.  spectrum 
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^CDCl^)  showed  peaks  at  x2.45-  T3.18  (m)  ,  x4.27-  x4.83 
(b)  (|w  =  17  cups),  t4.88-  t5.26  (b)  (^-W  =  10  cps)  ,  T5.62- 

x6.35  poorly  resolved  quartets  (J  =  7  cps),  x7.8-  x8.5  (m) 
and  x8.5-  x9.3  poorly  resolved  triplets  (J  =  7  cps),  ratio 
9.96:  1.0  :  1.0  :  4.0  :  4.0  :  6.0,  required  10  :  1  :  1  :  4 
:  6 . 

% 

Attempts  to  isomerize  cis-3 , 6-diphenyl-l , 2-dicarbethoxy- 
- 1 - 

hexahydropyridazine  (XXXII)  to  its  trans-isomer: 

Potassium  metal  (0.2  g)  was  added  to  absolute 

alcohol  (20  ml) .  When  all  the  metal  has  dissolved  the  alcohol 

% 

was  aspirated  and  the  residue  was  kept  under  vacuum  until  com¬ 
pletely  dry.  The  residue  was  dissolved  in  diglyme  (20  ml) 
(dried  by  refluxing  and  distilling  over  lithium  aluminum 
hydride)  and  XXXII  (3.75  g)  wa&  added.  The  reaction  mixture 
was  heated  under  reflux  for  12  hours  after  which  it  was  cooled 
diluted  with  water  and  extracted  with  methylene  chloride. 

The  dried  extract  was  evaporated  to  remove  the  solvent  to 
give  a  thick  syrupy  liquid.  the  material  could  not  be  crys¬ 
tallized.  The  n.m.r.  spectrum  (CC14)  of  the  crude  material 
matched  exactly  with  that  of  the  starting  material, XXXII . 

cis-3 , 6-Diphenyl-2-carbothoxyhexahydropyridazine  (XXXIII) : 

A  solution  of  XXXII  (10  g)  and  potassium  hydroxide 
(11.5  g)  in  98%  ethanol  (100  ml)  was  boiled  under  nitrogen 
for  ii x  hours.  The  solvent  was  removed  under  vacuum.  The 
residue  was  stirred  in  ether  and  the  precipitated  salts  were 
filtered  and  dried,  11.0  g.  The  salts  were  dissolved  in 
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distilled  water  (10  ml)  and  acidified  with  acetic  acid. 

An  oily  substance  which  formed  first  solidified  on  standing. 

This  was  filtered,  dried  and  crystallized  from  ether- 
pentane  mixture  yield  5.0  g,  (53.5%),  m.p.  59-60°. 

The  infrared  spectrum  (KBr)  showed  absorption  bands  at 
3420,  1695  cm  The  n.m.r.  spectrum  (CCl^)  showed 

peaks  at  x2.55-  T2.9  (m)  ,  T4.65  (b)  (i-w  =  11  cps)  ,  T5.2  (b)  , 
x  5 . 85  (q)  (J  =  7  cps),  x6.22  (m)  (i-W  =  12  cps),  x7.6-  x8.1  (m)  ,  t8. 
x8.41  (m)  and  x8.74  (t)  (J  =  7  cps),  ratio  10.0  :  1.0  : 

0.95  :  2.0  :  1.0  :  2.0  :  2.0  :  3.0,  require  10  :  1  :  1  :  2  : 

1  :  2  :  2  :  3 . 


Analysis  calculated  for  C]_9H22°2N2  : 


C  ,  73 . 52 ;  H,7.14;  N,9.03. 


Found;  C.73.66;  H,6.88;  N,8.98. 


cis-3 , 6-Diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine  (XXXIV) : 

A  solution  of  XXXII  (3.75  g)  and  potassium  hydro¬ 
xide  (7.5  g)  in  methanol  (17.5  ml)  was  heated  under  reflux  for 
four  hours  in  an  atmosphere  of  nitrogen  and  cooled.  The 
reaction  mixture  was  dissolved  in  distilled  water  (25  ml)  and 
the  solution  was  acidified  with  glacial  acetic  acid  under 
nitrogen.  There  was  effervescence  and  an  oily  layer  separated 
out.  The  mixture  was  stirred  for  half  an  hour  and  was  made 
alkaline  to  phenolphathalein  by  the  addition  of  potassium 
hydroxide  solution.  Enough  potassium  carbonate  was  added  to 
make  the  solution  saturated  and  the  whole  mixture  was  extrac¬ 
ted  with  ether.  The  dried  ether  extract  was  concentrated 
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and  cooled.  On  standing  overnight  at  0° 

long  flat  crystals  were  formed  which  were  filtered.  Con¬ 
centration  of  the  mother  liquor  and  cooling  yielded  further 
crop  of  crystals,  total  yield  about  1.9  g,  m.p.  109-112° 
with  decomposition.  Recrystallization  from  benzene-octane 
yielded  plate-like  crystals ,  1.75  g,  (75%),  sintering  at  110°, 
m.p.  112-113°  with  decomposition  and  gas  evolution.  Repor¬ 
ted  (58)  m.p.  110-120°.  Its  facile  isomerization  to  the 
hydrazone  (XXXV)  made  characterization  difficult.  In 
normal  solvents  like  CCl^,  CDCl^,.  etc.,  the  compound, XXXIV, 
easily  isomerized  to  the  hydrazone  XXXV  (see  below) .  How- 
ever,  in  purified  benzene  and  methanol  no  isomerization  was  * 
observed.  The  n.m.r.  spectrum  (d, -benzene  with  external 

D 

TMS)  showed  peaks  at  x3.2  (m)  ,  x7.2(m),  x9.05  (m)  and  x9.55 
(m) ,  ratio  4.9  :  1.0  :  1.03  :  1.1,  required  5  :  1  :  1  :  1. 

The  ultraviolet  absorption  spectrum  (CH3OH)  showed  maximum 
at  285  my  and  385  my,  log  e  2.56.  From  the  absorbance  at  285 
my  it  was  calcualted  that  XXXIV  contaminated  with  no  more 
than  2%  of  hydrazone  XXXV.  The  compound , XXXIV , was  found  to 
be  13 +- able  over  a  period  of  a  year  when  stored  in  cold  and  in 
dark.  Different  batches  of  XXXIV  made  as  above  showed  the 
same  physical  and  chemical  characteristics. 

Attempts  to  prepare  trans-3 , 6-diphenyl-3 ,4,5, 6-tetrahydro- 
py  ridazine : 

The  compound, XXXII , (3.75  g)  was  saponified  with 
potassium  hydroxide  (7.5  g)  in  methanol  (17.5  ml)  in  the 
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same  manner  as  indicated  above.  The  reaction  mixture 
after  dilution  with  water  was  acidified  and  decarboxylated 
under  an  atmosphere  of  nitrogen  as  above.  The  reaction 
mixture  was  then  made  alkaline  to  phenolphathalein  by  the 
addition  of  potassium  hydroxide  solution.  The  oily  sub¬ 
stance  that  separated  was  extracted  with  ether  under  an 
atmosphere  of  nitrogen.  The  ether  solution  was  dried  and 
evaporated  under  nitrogen  atmosphere  to  avoid  any  oxidation. 
The  resulting  residual  oil  was  dissolved  in  dry  dimethyl 
sulfoxide  (5.0  ml)  (dried  over  Linde  molecular  sieves,  type 
4A) ,  and  potassium  t-butoxide  (0.5  g)  was  added  and  the 
mixture  was  heated  under  reflux  on  a  steam  bath  for  four  hours 

under  an  atmosphere  of  nitrogen.  The  reaction  mixture  was 
cooled,  diluted  with  water  and  extracted  with  ether.  The 
ether  solution  was  dried  and  concentrated  and  cooled.  On 
standing  overnight  at  0°  long  flat  crystals  were  obtained. 
Concentration  and  cooling  of  the  mother-liquid  resulted  in 
a  further  crop  of  crystals.  Total  yield  of  crystals  about 
1.5  g,  m.p.  109°-112°  with  decomposition.  Recrystallization 
from  ether-heptane  yielded  plate-like  crystals,  1.0  g, 

(43%),  m.p.  112-113°  with  decomposition  and  gas  evolution. 
Mixed  melting  point  with  XXXIV  did  not  show  depression. 

Rearrangement  of  XXXIV  to  the  hydrazone  (XXXV) : 

A  small  quantity  of  XXXIV  was  dissolved  in  methyl 
alcohol  and  a  few  drops  of  acetic  acid  were  added.  The 
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solution  was  evaporated  to  dryness  immediately  under 

vacuum  at  room  temperature  leading  to  needie  shaped  crystals, 

m.o.  157-159°. 

A  small  quantity  of  XXXIV  was  dissolved  in  carbon 
tetrachloride  and  in  a  few  minutes  fine  needle  shaped 
crystals  were  formed.  Recovery  was  nearly  quantitative, 
m.p.  157-158°,  reported  (58)  m.p.  157-158°. 

The  infrared  spectrum  (KBr )  showed  absorption 
bands  at  3290,  1593  cm  The  n.m.r.  spectrum  (CDCl^) 
showed  peaks  at  x2.7-  i2.85  (m)  ,  x4.18  (b)  ,  x5.91  (q) 

(J  =  8.5  cps,  J  =  5.5  cps) ,  x7.35  (m)  and  x7.85  (m) ,  ratio 
10.01  :  1.0  ;  1.0  :  1.9  :  2.03,  required  10:1:1:2:2.. 
The  ultraviolet  absorption  spectrum  (CH^OH)  showed  maximum 
at  285  my,  logs:  4.14. 

1-Phenylcyclopropanecarbonitrile  (XXXVI) : 

This  was  prepared  according  to  the  method  of 
Newman  and  Kaugers  (133).  Sodamide  (65  g,  0.6  mole)  was 
slurried  in  anhydrous  ether  (250  ml)  contained  in  a  one- 
liter  three-necked  flask  provided  with  a  mechanical  stirrer, 
a  dropping  funnel,  a  reflux  condenser,  thermometer  and  a 
calcium  chloride  drying  tube.  Phenylacetonitrile  (36  g, 

0.3  mole)  was  added  drop  by  drop  to  the  slurry  and  the  whole 
mixture  was  kept  under  reflux  for  five  hours.  The  mixture 
was  then  cooled  to  -40  to  -50°  with  a  dry-ice  and  acplone 
bath  and  1 , 2-dibromoethane  (65  g,  0.35  mole)  was  added.  The 
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temperature  of  the  reaction  mixture  was  then  allowed  to 

rise  slowly  to  -20°  during  one  half  hour.  The  reaction 

mixture  was  stirred  at  -25  to  -20°  for  five  hours  during 

which  time  formation  of  precipitates  and  evolution  of 

ammonia  gas  were  noticed.  The  reaction  mixture  was  then 

allowed  to  warm  up  to  room  temperature  and  heated  under 

reflux  for  one  hour.  The  mixture  was  cooled  and  filtered. 

% 

The  precipitates  were  washed  with  fresh  ether.  TJie  com¬ 
bined  filtrate  and  washings  were  dried  and  distilled  to 
remove  the  solvent.  The  residual  oil  was  distilled  through 
a  30  cm  vigreaux  column  under  vacuum  to  yield  34  g,  (70%) 
of  XXXVI,  b.p.  108-110°  (7-8  mm).  Reported ( 13 3 )  b.p.  123- 

127°  (14  mm)  f 85-88° (0 . 6  mm).  The  infrared  spectrum  (neat) 

showed  absorption  bands  at  2230,  1045  cm  ^  along  with  other 
bands  characteristic  for  the  cbmpound.  The  n.m.r.  spectrum 
(CCl^)  showed  peaks  at  x2.35  (s)  ,  i8.58  multiplet) 

ratio  1.24  :  1.0,  required  1.25  :  1. 

1-Phenylcyclopropyl  phenyl  ketone  (XXXVII) : 

This  was  prepared  from  XXXVI.  according  to  the 
method  of  Bunce  and  Cloke  (134).  A  solution  of  XXXVI  (21.45 
g,  0.15  mole)  in  dry  ether  (50  ml)  was  added  to  a  solution 
of  phenylmagne s ium  bromide  in  ether  (phenylmagnesium  bromide 
was  made  from  bromobenzene  31.55  g,  0.19  mole  and  magnesium 
4.6  g,  0.191  g  atom  and  dry  ether  150  ml).  The  mixture  was 
kept  under  reflux  and  stirring  for  seventy-two  hours  during 
which  time  a  considerable  amount  of  salts  separated  out  from 
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the  reaction  miyture .  The  reaction  mixture  was  hydrolysed 
under  reflux  for  one  hour  by  the  addition  of  5%  hydrochloric 
acid  (150  ml) .  On  cooling  to  room  temperature  a  large 
amount  of  precipitate  was  observed  in  the  ether  layer.  The 
whole  mixture  was  filtered  and  the  precipitate  washed  with 
ether.  The  material  was  crystallized  from  95%  ethanol  to 
obtain  a  crystalline  compound,  17  g,  m.p.  72-73.5°  The  ether 
layer  in  the  filtrate  was  separated  from  the  aqueous  layer, 
dried,  and  the  solvent  removed  to  obtain  about  10  g  of  crys¬ 
talline  material  m.p.  70-73°.  The  two  crops  of  crystals 
were  combined  and  crystallized  twice  from  95%  ethanol  to 
obtain  25  g,  (73.5%)  of  XXXVII,  m.p.  73-74°.  Reported  (134)  m.p. 
73.6-73.9°,  54%  yield.  The  2 , 4-dinitrophenylhydrazone 
was  prepared,  m, p .  183-184°,  reported  (134)  m.p.  184.8-185.3°. 

The  infrared  spectrum  (KBr )  showed  absorption  bands  at  1660, 

1045  cm-1.  The  n.m.r.  spectrum  (CC14)  showed  peaks  at  t2.6 
(m) ,  t 2 . 93  (b)  and  t8.62  (A2B2  multiplet)  ,  ratio  2.47  (total 

phenyl  region)  :  1.0,  required  2.5  :  1. 

Tosylhydrazone  of  XXXVII  (XXXVIII) : 

The  tosylhydrazone  of  XXXVII  was  made  according  to 
Battiste  and  Burns  (135)  by  heating  under  reflux  a  mixture 
of  XXXVII  (8.33  g,  0.0375  mole)  and  tosylhydrazine  (7.0  g, 

0.0375  mole)  in  98%  ethanol  (50  ml)  with  a. trace  of  formic 
acid  (1.5  ml)  for  seven  days.  The  deep  purple  solution  on 
cooling  gave  a  crystalline  material,  5.6  g,  m.p.  185-190  . 
Another  2.2  g  of  crystalline  material  was  recovered  j. rom  che 
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mother  liquor.  The  combined  material  was  recrystallized 
from  95%  ethanol  to  obtain  7.5  g,  (50%),  m.p.  190-192°, 
reported  (135)  191-193°.  The  n.m.r.  spectrum  (CDCl^)  showed 
peaks  at  r1.91  (b)  ,T  2 . 15-t  3 . 42  (m)  ,  t7.58  (s)  and  i8.63  (m)  , 
ratio  1.0  :  14.23  :  3.06  :  4.12  required  1  :  14  :  3  :  4. 

1 , 2-Diphenylcyclobutene  (XXXIX): 

This  was  prepared  according  to  the  method  of 
Battiste  and  Burns  (135) by  the  base-catalysed  decomposition 
of  XXXVIII.  Sodium  methoxide  (6  g)  and  XXXVIII  (6  g)  were 
dissolved  in  N-methyl-2-pyrrolidone * ( 20  ml)  and  the  solution 
was  heated  at  120°  for  fifteen  minutes  during  which  time  a 
vigorous  evolution  of  nitrogen  gas  was  observed.  The  mixture 

was  then  poured  into  ice-water  (20  ml)  and  extracted  twice 

» 

with  ether.  The  ether  extracts  were  washed  with  saturated 
sodium  chloride  solution,  dried  with  anhydrous  magnesium 
sulphate  and  the  solvent  removed.  The  residual  liquid 
solidified  on  cooling  in  ice.  The  material  was  crystallized 
twice  from  methyl  alcohol  at  -75°  to  obtain  colorless  crys¬ 
tals,  2.5  g  (76%),  m.p.  53-54°,  reported  (135)m.p.  53.54°. 

The  n.m.r.  spectrum  (CCl^)  showed  peaks  at  t2.5-t2.9  (m)  and 
t7 . 25  (s) ,  ratio  2.5  :  1.0,  required  2.5  :  1. 

cis-1 . 2-Diphenylcyclobutane  (XL): 

1 , 2-Diphenylcycicbuten2  (250  mg)  in  methyl  alcohol 
(25  ml)  was  hydrogenated  at  atmospheric  pressure  and  room 
temperature  using  5%  palladium-charcoal  catalyst  and  limiting 
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the  hydrogen  uptake  to  one  mole  equivalent  (31  ml  of 
hydrogen  in  15  minutes) .  The  catalyst  was  filtered 
off  and  the  filtrate  was  concentrated  under  vacuum  to 
remove  the  solvent.  The  residual  oil  solidified  on 
cooling  in  ice.  This  was  crystallized  twice  from  methyl 
alcohol  at  -20°  to  yield  180  mg  (72%)  of  XL,  m.p.  37-38°, 
reported  (135)  38-39°.  The  n.m.r.  spectrum  (CC1 4)  showed 
peaks  at  x2.9-  t3 . 3  (m)  ,  i6.06  (m)  and  t7.57  (m)i,  ratio 
10.0  :  2.02  :  4.0,  required  10  :  2  :  4.  The  g.l.c.  analysis 
(SF  96  column  175°)  showed  only  one  product  peak. 

l ,  4-Diphenylbutane 

When  1 , 2-diphenylcyclobutene  in  methyl  alcohol 
was  hydrogenated  under  the  above  conditions  with  the 
exception  that  the  reaction  was  allowed  to  proceed  until 
hydrogen  uptake  had  stopped,  1 , 4-diphenylbutane  was  obtained, 

m. p.  53-54°.  The  product  was  identical  with  an  authentic, 
sample  of  1,4-diphenyl  butane  (melting  point,  mixed  melting 
point,  infrared  and  n.m.r.  spectra). 

trans-1 , 2-Diphenylcyclobutane  (XLI) : 

A  solution  of  XL  (45  mg)  and  freshly  prepared 
potassium  t-butoxide  (100  mg)  in  anhydrous  dimethyl  sulfoxide 
(5  ml)  was  heated  on  steam  bath  for  fifteen  minutes.  The 
.uiyt.ure  was  diluted  with  distilled  water  and  extracted  with 
carbon  tetrachloride  (10  ml).  The  extract  was  dried  and  the 
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solvent  removed  to  obtain  ca.  37  mg  of  XLI.  The  n.m.r. 
spectrum  (CC14)  showed  peaks  at  t2.9  (s) ,  t6.51  (m)  and 
x7.25  (m) ,  ratio  10.0  :  1.9  :  4.03,  required  10  :  2  :  4. 

The  n.m.r.  spectrum  corresponds  with  that  reported  in 
literature  (139).  The  g.l.c.  analysis  (SF  96  column,  175°) 
indicated  the  absence  of  starting  material, XL, and  a 
product  peak  at  higher  retention  times. 

Decomposition  of  cis-3 , 6 -diphenyl- 3 ,4,5, 6-tetrahydropyr idaz ine , 
XXXIV,  and  product  analysis: 

All  glass  apparatus,  viz . ,  sample  vials,  glass 
tubes,  n.m.r.  tubes,  in  which  the  azo  compound,  XXXIV,  was 
handled  were  cleaned  with  a  mixture  of  concentrated 
sulphuric  acid  and  nitric  acid  (3:1  on  volume)  and  rinsed 
several  times  with  distilled  water.  They  were  then  filled 
with  ammonium  hydroxide  solution  and  were  emptied  after  two 
hours  and  rinsed  several  times  with  distilled  water.  They  were 
finally  dried  in  a  hot  oven  at  130°. 

Preliminary  experiments  in  decomposition  of  cis-3 , 6- 
diphenyl-3 ,4,5, 6-tetrahydropyridazine , XXXIV : 

Because  of  the  facile  isomerization  of  XXXIV  to 
its  hydrazone,  XXXV,  preliminary  experiments  were  carried 
out  to  see  whether  the  decomposition  of  XXXIV  would  yield 
quantitative  yields  of  nitroqen  or  not.  A  sample  of  the  azo 
compound,  XXXIV,  (0.1  g)  was  decomposed  at  120°  for  two  hours 
and  the  volume  of  nitrogen  evolved  was  measured  to  be  about 
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85%  theory.  Another  sample  of  the  azo  compound,  XXXIV, 

(0.1  g)  was  decomposed  at  100°  for  two  hours  in  an  evacuated 
sealed  H-shaped  tube.  The  volatile  products  were  distilled 
into  the  empty  portion  of  the  tube.  The  tube  was  opened 
and  the  distillate  was  identified  as  styrene  (infrared  and 
n.m.r.  spectra)  (0.04  g) .  The  residue  in  the  tube  was 
slurried  in  a  few  mis  of  carbon  tetrachloride  and  filtered. 

The  Residue  (0.03-g)  on  the  filter  paper  was  identified  as 
hydrazone,  XXXV,  (melting  point,  mixed  melting  point, 
infrared  and  n.m.r.  spectra).  The  carbon  tetrachloride 
solution  which  was  obtained  as  the  filtrate* was  examined 
by  g.l.c.  analysis  (SF  96  column,  175°)  showed  only  two  peaks, 
and  these  were  identified  as  due  to  cis-  and  trans-1 ,2- 
diphenylcyclobutane  by  comparing  with  the  retention  times 
of  the  authentic  samples.  The  n.m.r.  spectrum  of  the 
carbon  tetrachloride  solution  showed  a  complex  multiplet 
between  t2.7  to  x3.1,  a  multiplet  between  t6  to  x7  and  a 
multiplet  between  x7  to  x8.  These  preliminary  experiments 
indicated  that  the  azo  compound,  XXXIV,  could  be  decomposed 
normally  without  too  much  of  isomerization.  Control 
experiment  indicated  that  the  hydrazone,  XXXV,  did  not  give 
nitrogen  and  the  products  of  decomposition  that  were  observed 
in  the  case  of  XXXIV. 

Decomposition  of  XXXIV  in  d^-benzene: 

A  solution  of  XXXIV  (0.04  g)  in  dg-benzene  (0.5  ml) 
was  transferred  to  a  clean  n.m.r.  tube  and  degassed.  The 
tube  was  sealed  and  the  n.m.r.  spectrum  was  obtained.  The 
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tube  was  then  heated  at  98°  for  one  half  hour  (about  10 
half-Mves) ,  •  cooled  and  the  n.m.r.  spectrum  was  obtained 
again.  The  contents  of  the  tube  were  analysed  by  g.l.c. 

(SF  96  column,  temperature  programmed  from  100°  to  180°  at 
4°  per  minute,  helium  flow  rate  60  ml  per  minute) .  The 
analysis  indicated  that  the  products  of  decomposition 
consisted  of  styrene,  cis-  and  trans-1 , 2-diphenylcyclobutanes 
only  as  identified  by* comparison  with  the  relative  retention 
times  of  respective  authentic  samples.  The  n.m.t.  spectrum 
of  the  decomposition  products  matched  exactly  with  that  of 
an  authentic  mixture  of  styrene,  cis-  and  trans_-l , 2-diphenyl¬ 
cyclobutanes  in  dg-benzene. 

Decomposition  of  XXXIV  in  d^-benzene  at  different  temperatures 
and  estimation  of  the  products  proportions: 

• 

Four  n.m.r.  tubes  each  containing  0.04  g  of  XXXIV 
in  0.5  ml  of  d^-benzene  were  degassed  and  sealed  as  usual. 

The  n.m.r.  spectrum  of  the  solution  in  each  tube  was  checked 
before  heating  and  found  that  there  was  no  isomerization  of 
XXXIV  to  the  hydrazone.  Each  tube  was  heated  at  a  different 
temperature  for  a  period  of  ten  half-lives.  Boiling  solvents 
were  used  as  heating  baths.  The  solvents  chosen  were  methanol 
(64°)  ,  benzene  (78°)  ,  water  (98°)  and  ethylbenzene  (133°)  to 
obtain  desired  temperatures  for  heating.  After  the  required 
period  of  heating,  the  tubes  were  cooled  and  the  contents 
cf  the  tubes  were  analysed  by  g.l.c.  (under  the  same  condi¬ 
tions  as  mentioned  earlier)  ,  with  chlorobenzene  as  an  internal 
standard.  The  relative  proportions  of  the  products  in  each 
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case  were  calculated  from  the  peak  areas  and  the  respective 
response  factors.  The  analysis  was  carried  Out  in  duplicate. 

The  response  factors  were  determined  from  an  authentic 
mixture  containing  known  weights  of  the  different  compounds . 

The  results  of  the  analysis  of  two  such  sets  of  decompositions 
are  given  in  Table  No.  XX  . 

The  response  factors  were  calculated  as  follows: 


Moles  of  A  _  Area  of  A  Response  of  B 
Moles  of  B  Area  of  B  x  Response  of  A 


if  response  of  A  =  100 


then  response  of  B 


Moles  of  A  Area  of  B  100 
Moles  of  B  x  Area  of  A  x 


On  this  basis,  it  was  found  that  the  response 
factors  for  chlorobenzene:  styrene:  cis- 1 , 2 -diphenyl- 

o 

cyclobutane:  trans-1 , 2-diphenylcyclobutane  were  100:95.9: 

152.7:163.4. 

Decomposition  of  XXXIV  in  benzene  and  estimation  of  the 
products : 

A  small  quantity  of  XXXIV  (0.0208  g)  carefully 
weighed  into  a  clean  glass  tube  was  dissolved  in  redistilled 
ber^cne  (0.5  ml).  The  solution  was  degassed  and  the  tube 
was  sealed.  The  tube  was  heated  for  one  half  hour  at  98°. 

The  products  of  decomposition  were  estimated  by  g.l.c. 
analysis  as  before.  The  contents  of  the  tube  were  washed 
down  into  a  flask  with  methanol.  The  solution  was  evaporated 
to  dryness  by  keeping  the  flask  under  vacuum  (10  mm)  at:  35°. 
Tne  residue  was  dissolved  in  methanol  and  the  amount  of 
hydrazone  was  estimated  by  measuring  the  absorbance  at  285  my. 


■ 
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Decomposition  of  XXIV  in  styrene  and  estimation  of  the 

products : 

A  solution  of  XXXIV  (0.0276  g)  in  redistilled 
purified  styrene  (0.5  ml)  contained  in  a  clean  glass  tube 
was  degassed  and  sealed  as  usual.  The  tube  was  heated  at  98° 
for  one  half  hour  as  before.  The  contents  of  the  tube  were 
washed  down  with  methanol  into  a  flask  and  the  solution 
was  evaporated  to  dryness  as  in  the  above  case.  The  residue 
was  dissolved  in  a  small  volume  of  methyl  alcohol  and  the 
amounts  of  cis-  and  trans-1 , 2-diphenylcyclobutanes  were 
estimated  by  g.l.c.  as  before.  The  amount  of  hydrazone  in 
the  solution  was  estimated  as  before.  The  results  are 
given  in  Table  XXV  . 

Control  experiments : 

1.  A  sample  of  pure  cis-1, 2-diphenylcyclobutane 
(0.01  g)  in  benzene  (0.25  ml)  was  heated  at  98°  for  one  half 
hour  and  analysed  by  g.l.c.  exactly  under  the  same  conditions 
as  used  for  product  analysis.  It  was  found  that  the  cis-1 , 2- 
dipheny Icy clobutane  remained  unchanged.  No  peak'3  correspond¬ 
ing  to  either  styrene  or  trans- lr 2-diphenylcyclobutane  were 
observed. 

2.  A  sample  of  pure  hydrazone , XXXV,  (0.04  g)  was 
dissolved  in  benzene  (0.5  ml).  This  was  treated  in  rhe  same 
manner  as  in  the  case  of  the  decomposition  experiments  above. 
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It  was  found  that  the  hydrazone  remained  unaffected  (n.m.r. 
spectrum) .  The  g.l.c.  analysis  showed  no  products  correspond¬ 
ing  to  those  observed  in  the  decomposition  of  XXXIV. 

Rate  of  polymerization  of  styrene  in  the  presence  of  3,6- 

diphenyl-3 , 4 , 5 , 6-tetrahydropyridazine  (XXXIV) : 

The  rate  of  polymerization  of  styrene  in  the  presence 
of  XXXIV  was  measured  by  the  dilatometric  method,  the  details 
of  which  are  described  in  Chapter  1.  The  results  are  given 
in  Table  XXIV  .  A  plot  of  absolute  decrease  in  the  height 
of  the  meniscus  in  the  capillary  versus  absolute  time  is 
shown  in  Figure  15. 

Rate  of  decomposition  of  XXXIV: 

Method:  The  kinetics  were  followed  by  measuring  the  volume 

of  nitrogen  evolved  against  time  during  the  decomposition. 
Solvent:  Reagent  grade  ethylbenzene  was  heated  under  reflux 

over  sodium  for  two  hours  and  was  distilled  over  sodium 
through  a  24"  vigreaux  column.  A  middle  fraction  was 
collected  and  stored  over  sodium. 

Apparatus:  A  general  description  of  the  apparatus  used  is 

given  in  Figure  16. 

Procedure:  The  azo  compound, XXIV,  was  weighed  into  the 

reaction  tube  and  ethylbenzene  (2  ml)  was  added.  The  reac¬ 
tion  tube  was  closed  with  the  rubber  serum  cap  and  v/as  connect¬ 
ed  to  the  jacketed  gas-buret.  The  system  was  swept  with  oxygen- 
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A 


Figure  16.  Apparatus  for  measuring  the  rate  of  decomposition 

of  Azo  Compound 


A.  3-way  stop  cock. 

B.  Heating  bath  containing  boiling  solvent. 

C.  Reaction  tube  with  a  standard  tapered  joint. 

D.  Rubber  serum  cap. 

E.  Thermometer. 

F.  Condenser. 

G.  Jacketed  gas  buret. 


-* 
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free  nitrogen  and  levelled.  The  reaction  tube  was  then 
placed  in  the  heating  bath.  The  volume  of  nitrogen  evolved 
was  measured  at  regular  intervals  of  time.  Readings  were 
taken  for  a  period  of  one  to  two  hours.  The  volume  of  nitrogen 
at  infinite  time  was  measured  after  about  10  half-lives.  From 
the  plot  of  (Vm-V  )  versus  time,  the  rate  constant  for  the 
decomposition  of  the  azo  compound  was  calculated.  The  volumes 
measured  were  small  and  the  accuracy  was  probably  about  ±5%. 

The  vapour  of  boiling  liquid  served  as  the  heating 
bath.  Different  solvents  were  used  to  obtain  different 
temperatures.  The  temperature  of  the  solution  inside  the 
reaction  tube  was  measured  and  it  was  observed  that  the 
temperature  inside  was  nearly  the  same  as  the  outside  vapour 
temperature.  In  all  the  kinetic  runs  the  temperature  of  the 
vapour  of  the  boiling  liquid  as  measured  by  a  calibrated 
thermometer  was  taken  as  the  temperature  of  decomposition. 

The  rates  were  measured  at  64.7°,  75°  and  79.5°  by  using 
methanol,  carbon  tetrachloride  and  ethylene  dichloride 
respectively  as  the  boiling  solvents.  A  typical  plot  of 
(V o^V.)  versus  time  is  shown  in  Figure  14  . 

L 

given  in  Table  XXI  and  XXII. 


The  results  are 
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CHAPTER  III 

Examination  of  Dimers  formed  in  the  Potassium  t-butoxide 
Catalysed  Polymerization  of  Styrene: 

It  was  shown  in  Chapter  II  that  authentic  1,4- 
diphenylbutadiyl  diradicals  which  were  produced  by  the  thermal 
decomposition  of  cis-3 , 6-diphenyl-3 ,4,5, 6-tetrahydropyri- 
aazine  in  styrene  did  not  initiate  the  polymerization  reaction 
of  styrene,  but  instead  cyclized  to  form  1,2-diphenyl- 
cyclobutanes.  This  evidence,  coupled  with  the  results  on 
the  kinetic  isotope  studies  in  the  'thermal  polymerization  of 
the  deuterated  styrenes,  indicated  that  a  Diel's-Alder 
type  of  intermediate  should  be  preferred  over  a  diradical 
intermediate  in  the  initiation  step  of  thermal  polymerization 
of  styrene.  It  should  be  possible  to  isolate  products 
derived  from  the  intermediates  responsible,  for  the  thermal 
initiation  of  styrene  nolymerizaticn ,  if  the  thermal  reaction 
on  styrene  is  conducted  in  the  presence  of  polymerization 
inhibitors.  Mayo  polymerized  styrene  thermally  in  the  presence 
of  picric  acid  (42)  ,  iodine  (146)  ,  and  sym- trinitrobenzene 
(146) .  He  observed  the  formation  of  cyclic  dimeric  hydro¬ 
carbons  and  indicated  (147)  that  a  typical  dimer  fraction 
consisted  of  a  mixture  of  1 , 2-diphenylcyclobutanes ,  1-phenyl- 
tetralin  and  1-phenylnaphthalene  and  that  1-phenyltetralin 
was  isolated  in  the  greatest  yreld.  Pines  (147)  heated 
styrene  in  the  presence  of  potassium  t— butoxide  and  isolated 
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a  dimer  fraction  which  he  characterized  as  1-phenyltetralin . 

He  interpreted  the  formation  of  1-phenyltetralin  by  assuming 

the  addition  of  a  t-butoxide  anion  to  styrene  to  form  an 

ionic  intermediate  as  the  first  stage  of  the  process.  The 

next  step  was  represented  by  a  concerted  addition  of  the  ionic 

intermediate  to  a  second  molecule  of  styrene  and  elimina- 

% 

tion  of  the  t-butoxide  ion.  The  unstable  adduct  formed 

.  » 
could  be  converted  to  1-phenyltetralin  by  the  usual  base 

catalysed  isomerization  process.  The  mechanism  as  indicated 

by  Pines  is  shown  below: 
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It  can  be  seen  that  the  above  mechanism  is  not  self-consistent. 
If  a  t-butoxide  anion  were  to  add  to  the  terminal  carbon  of 
the  olefinic  bond  in  styrene,  the  resulting  ionic  inter¬ 
mediate  could  add  to  another  molecule  of  styrene  in  the  normal 
manner.  Thus,  the  ionic  addition  process  should  give  rise 
to  polymer  formation.  If  the  ionic  addition  process  is 
interupted  at  any  stage,  one  might  observe  open  chain 
dimers,  telemers  etc.  If  a  concerted  addition  and  elimina¬ 
tion  reaction  of  the  ionic  intermediate  with  styrene  as 
indicated  by  Pines  were  possible,  then  one  would  expect 
to  find  2-phenyltetralin  as  the  main  product  instead  of 
1-phenyltetralin  as  shown  below: 


A  more  favourable  reaction  sequence  involving  ionic  addition 
and  elimination  steps  could  lead  to  the  formation  of 
1 , 3-diphenylcyclobutanes  as  shown  below: 


©  o  t-Bu 
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Pines  (147)  identified  the  major  product  of  the  dimer 
fraction  as  1-phenyltetralin  by  comparison  of  the  g.l.c. 
retention  times  and  infrared  spectrum  with  those  of  an 
authentic  sample  of  1-phenyltetralin.  The  possibility  that 
one  might  find  different  product  or  products  by  the  same 

anionic  addition  and  elimination  mechanism  in  the  reaction 

% 

of  styrene  with  potassium  t-butoxide  prompted  further 

•  I 

study  and  re-examination  of  this  reaction.  Stobbe  (148) 

obtained  cyclobutadi-indene  by  heating  a  solution  of 

indene  in  glacial  acetic  acid.  It  would  be  interesting  to 

* 

examine  the  products  that  would  be  obtained  by  heating 
styrene  in  glacial  acetic  acid.  The  results  of  the  re¬ 
examination  of  products  formed  in  the  reaction  of  styrene 
with  potassium  t-butoxide  and%  the  products  formed  in  the 
reaction  of  styrene  in  glacial  acetic  acid  solvent  are 
discussed  in  this  chapter. 


RESULTS 

Preparation  of  1-phenyltetralin  (XLIV) : 

An  authentic  sample  of  1-phenyltetralin, XLIV, 
was  required  to  identify  the  components  of  the  dimer  fractions. 
The  compound,  XLIV,  was  prepared  according  to  method  used  by 
Pines  (147) .  The  sequence  of  reactions  used  for  its  synthesis 
xs  outlined  in  Scheme  7. 

y-Phenylbutyric  acid  was  cyclized  to  1-tetralone 


. 


Scheme  7 


H3P°4 


(i)  C6H5MgBr 
(ii)  H30+ 


XL  IV 


XLIII 
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(XLII )  in  70%  yield  by  a  method  described  in  literature  (149). 
The  n.m.r.  spectrum  of  XLII  (CC14)  showed  a  multiplet  at 
t 2 • 0  to  13.0,  a  triplet  at  x7.1,  a  triplet  at  i7.49  and  a 
multiplet  centered  at  t7.9.  The  ratio  of  the  integrated 
areas  of  the  respective  peaks  is  4.0  :  2.1  :  1.98  :  1.98, 
required  4  :  2  :  2  :  2.  The  assignments  of  the  respective 
peaks  in  the  n.m.r.  spectrum  are  shown  in  the  following 
structure  for  the-  compound: 


t  7 . 4  9 


0 


The  axial  and  the  equatorial  protons  are  equivalent  due  to 
the  two  rapidly  equilibrating  conformations  for  the  compound. 


The  compound,  XLII,  was  converted  to  1-phenyl - 


3 , 4-dihydronaphthalene  (XLIII)  in  50%  yield  by  the  addition 
of  phenylmagnesium  bromide  followed  by  dehydration  of  the 
resulting  alcohol.  The  n.m.r.  spectrum  (CCl^)  of  XLIII 
showed  a  singlet  at  t2.75,  a  multiplet  centered  at  t2.98, 
a  triplet  at  t4.01  (J  =  4.5  cps) ,  a  triplet  at  t7.21  and  a 
multiplet  at  t7.63.  The  integrated  areas  of  the  respective 
peaks  are  in  the  ratio  5.0  :  4.0  :  1.06  :  2.0  :  2.06, 
required  5  :  4  :  1  :  2  :  2.  The  assignments  of  the  respective 
peaks  j.n  the  n.m.r.  spectrum  are  shown  in  the  following 
structure  for  the  compound. 
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x  7 . 21 


r2 . 9 8 


The  compound,  XLIII,  was  hydrogenated  to  1-phenyl- 
tetralin  (XLIV) .  The  n.m.r.  spectrum  (CCl^)  of  XLIV  showed 
a  multiplet  at  x2.7  to  x3.4r  a  poorly  resolved  triplet  centered 
at  x5.97,  a  poorly  resolved  triplet  centered  at  x7.18  and  a 
multiplet  at  x8.13.  The  ratio  of  the  integrated  areas  of 
the  respective  peaks  is  9.1  :  ’0.97  :  2.0  :  4.0,  required 
9  :  1  :  2  :  4.  The  assignments  of  the  respective  peaks  in 
the  n.m.r.  spectrum  are  shown  in  the  following  structure 
for  the  compound.  7 


Trie  ct.I.c.  analysis  (SF  96  column,  150°)  indicated  that  the 
product  was  95%  pure. 


«.  ■  •» 
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Dimerization  of  styrene: 

4  • 

Dimerization  of  styrene  in  the  presence  of  potassium  t-butoxide 

A  mixture  of  pure  styrene  and  potassium  t-butoxide 
(3%  by  weight)  was  heated  under  reflux  for  24  hours  in  an 
atmosphere  of  nitrogen.  A.bout  50%  of  the  styrene  was 
recovered  after  the  reaction.  About  12%  (based  on  styrene 
reacted)  of  dimeric  material  was  isolated  from  the  polymeric 
residue  after  removal  of  the  polymer  by  precipitation.  The 
g.l.c.  analysis  (SF  96  column,  150°)  indicated  that  the 
dimeric  material  contained  three  minor  products  (ca.  5%)  and 
one  major  product  (ca.  95%) .  The  retention  time  of  the 
major  product  peak  corresponded  with  that  of  an  authentic 
sample  of  1-phenyltetralin .  The  retention  time  of  one  of 
the  minor  product  peaks  corresponded  with  that  of  cis-1 , 2- 
diphenylcyclobutane .  The  other  minor  peaks  were  not  identified 
The  product  whose  retention  time  corresponded  to  cis-1 , 2- 
diphenylcyclobutane  was  estimated  to  be  about  1%  of  the  total 
product  peaks  observed.  The  infrared  and  n.m.r.  spectra  and 
the  g.l.c.  retention  times  of  a  sample  of  the  pure  major 
product  fraction  (separated  by  preparative  g.l.c.)  matched 
exactly  with  those  of  an  authentic  sample  of  1-phenyltetralin. 

Dimerization  of  styrene  in  glacial  acetic  acid: 


A  50%  solution  of  pare  styrene  in  glacial  acetic 
acid  was  heated  under  reflux  for  24  hours  in  an  atmosphere 


-vl' 
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of  nitrogen.  About  2%  (based  on  the  weight  of  styrene  used) 
dimeric  material  was  isolated  from  the  polymeric  residue, 
after  flash  distillation  of  the  acetic  acid  and  the  un¬ 
reacted  styrene.  The  dimer  fraction  was  analysed  by  g.l.c. 

(SF  96  column,  150°).  The  analysis  indicated  that  the 
dimer  fraction  contained  several  minor  products  and  a  major 
product  (ca.  93%)  and  that  the  retention  time  of  the  major 
product  corresponded  with  that  of  an  authentic  sample  of 
1-phenyltetralin .  The  minor  product  peaks  were  not  identified 
as  the  peaks  were  overlaping.  The  infrared  and  n.m.r. 
spectra  and  the  g.l.c.  retention  times  of  a- pure  sample  of 
the  major  product  (separated  by  preparative  g.l.c.)  cor¬ 
responded  with  those  of  an  authentic  sample  of  1-phenyl¬ 
tetralin. 

Thermal  reaction  on  styrene: 

When  pure  styrene  alone  was  heated  under  reflux 
in  an  atmosphere  of  nitrogen  for  about  three  hours,  nearly 
90%  of  the  styrene  polymerized.  A  very  small  amount  of 
residual  oil  was  isolated  from  the  polymer.  The  g.l.c. 
analysis  indicated  that  the  residual  oil  contained  1— 
phenyltetralin .  No  other  product  peaks  were  observed.  No 
spectral  analysis  on  the  residual  oil  could  be  done  as  the 
sample  was  insufficient. 
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Rate  of  polymerization  of  styrene  in  the  presence  of 
potassium  t-butoxide: 

The  measurement  of  the  rate  of  polymerization  of 
styrene  in  the  presence  of  potassium  t-butoxide  was  attempted. 

It  was  found  that  potassium  t-butoxide  was  not  completely  soluble 
in  styrene  at  room  temperature.  So  the  exact  concentration 
of  the  base  in  styrene  is  not  known.  The  rate  of  polymeriza¬ 
tion  was  followed  by  the  dilatometric . method  at  70°.  Only 
one  determination  was  made.  The  absolute  decrease  in  the 
height  of  meniscus  in  the  capillary  as  a  function  of  time 
is.  given  in  Table  XXVII.  The  rate  is  compared  graphically 
with  the  thermal  rate  of  polymerization  at  70°  in  Figure 
15.  It  was  observed  that  the  rate  of  polymerization  of 
styrene  in  the  presence  of  potassium  t-butoxide  was  about 
30%  lower  than  the  pure  thermal  rate  at  the  same  temperature. 

(See  Table  XXVIII) . 

DISCUSSION 

The  mechanism  offered  by  Pines  (147)  for  the 
formation  of  1-phenyltetralin  in  the  potassium  t-butoxide 
catalysed  reaction  of  styrene  is  not  self-consistent.  As 
indicated  earlier  in  this  chapter,  a  more  plausible  product 
that  could  form  in  this  reaction  is  2-phenyltetralin  or  1,3- 
diphenylcyclobutane  assuming  that  the  anionic  addition  to 

However,  no  such  product  was  found, 


styrene  takes  place. 


- 
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TABLE  XXVII  D I LATO MET RI C  RATE  DATA  FOR  POLYMERIZATION 

OF  STYRENE  IN  THE  PRESENCE  OF  POTASSIUM 
t-BUTOXIDE  AT  70°. 

Run  No.  70  K+  0  t-Bu  a  trace 

Time  Decrease  in  the 


in  hours  height 

of  meniscus  in  cm. 

0 

0 

in 

• 

o 

0.06 

1.0 

0.11 

•  1.5 

0.175 

2.0 

0.24 

2.75 

0.335 

3.00 

0.365 

3.5 

0.425 

4.0 

0.495 

4.5 

0.555 

o 

• 

in 

0.625 

. 
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TABLE  XXVIII  COMPARISON  OF  THE  RATES  OF  POLYMERIZATION  OF 

STYRENE  IN  THE  PRESENCE  OF  AIBN  AND  POTASSIUM 

t-BUTOXIDE  AT  70° . 


No. 

added 

compound 

cone . 

R  moles  1  ^  sec  ^ 

P 

-6a 

1 

none 

4.681  x  10 

• 

•  — 4b 

2 

AIBN 

0. 003792M 

1.018  x  10  • 

3 

K+0“tBu 

trace 

3.287  x  10  D 

a  Average  value  from  TABLE  VII 
b  Average  value  from  TABLE  XIII 
c  Potassium  t-butoxide  was  not  soluble  in  the 

styrene  at  the  temperature  of  the  kinetic  run.  The 
concentration  is  not  known.  Only  one  determination. 


I  ft  A 


-202- 


and  it  was  confirmed  that  1-phenyltetralin  was  the  major 
product  m  the  reaction.  The  results  of  the  present  work 
(Chapters  I  and  II)  indicated  that  a  Diet ’ s-Alder  type  of 
intermediate  reversibly  formed  between  two  molecules  of 
styrene  is  possibly  involved  in  the  thermal  initiation 
reaction  of  styrene.  This  suggests  that  an  alternative 
mechanism  can  explain  the  formation  of  1— phenyltetralin 
in  the  potassium  t^— butoxide  catalysed  reaction  of  styrene. 

Thus  a  Diels-Alder  type  of  intermediate  between 
two  molecules  of  styrene  could  form  thermally  without  the 
influence  of  potassium  t-butoxide  catalyst  in  the  present 
system.  The  Diels-Alder  adduct  thus  formed  might  undergo 
two  competing  reactions,  because  both  styrene  and  potassium 
t-butoxide  could  react  with  the  adduct.  The  reaction  with 
styrene  would  lead  to  two  radicals  which  would  initiate  the 
polymerization  reaction  of  styrene.  The  reaction  with 
potassium  t-butoxide  could  lead  to  the  observed  1-phenyl¬ 
tetralin  as  indicated  below: 


• . 
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Thus  the  presence  of  potassium  t-butoxide  should  decrease 
the  thermal  rate  of  polymerization  of  styrene,  because  part 
of  the  Diels-Alder  adduct  is  diverted  to  the  formation  of 
1-phenyltetralin .  This  is  evident  from  the  qualitative 
observation  that  about  50%  of  styrene  was  recovered  from 
the  reaction  mixture  of  styrene  and  potassium  t-butoxide, 
which  was  heated  under  reflux  (150°)  for  24  hours.  When 
pure  styrene  was  heated  under  reflux,  almost  all  of  the 
styrene  polymerized  within  three  hours  and  very  little 
amount  of  dimer  was  detected.  Pines  (147)  also  made 
similar  observations.  Styrene  polymerizes  thermally  at 
about  14%  per  hour  at  1273  (39)  and  thus  at  the  reflux 
temperature  of  about  150°  the  rate  should  be  about  25-30% 
per  hour.  The  rate  of  polymer  formation  in  the  presence 
of  potassium  t-butoxide  was  very  slow,  ca.  1.7%  per  hour 
at  150°  (taking  into  consideration  that  about  50%  of  styrene 
was  recovered  and  about  12%  of  dimer  fraction  was  isolated  from 
the  reaction  mixture) .  The  dilatometric  rate  data  on  poly¬ 
merization  of  styrene  in  the  presence  of  a  trace  of  potassium 
t-butoxide  indicated  that  the  rate  was  inhibited  by  about 
30%  as  compared  to  the  normal  thermal  rate  at  70°. 

The  dimerization  of  styrene  in  acetic  acid  gave 
only  about  2%  dimer  fraction  in  24  hours  of  reaction.  The 
reason  for  the  small  amount  of  dimers  might  be  that  the  rate 
of  the  formation  of  the  Diels— Alder  adduct  itself  is  lowered 
as  the  concentration  of  the  styrene  was  nearly  halved.  ■•■he 
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temperature  of  the  reaction  in  acetic  acid  was  only  115° 
as  compared  to  the  reaction  temperature  in  the  case  of  dimeriza¬ 
tion  with  potassium  t-butoxide  which  was  about  150°,  and  this 
could  be  another  reason  for  the  low  amount  of  dimers  found. 

If  acetic  acid  were  to  protonate  styrene  the  products  of 
dimerization  should  be  different  from  that  found.  Spoerri 
and  Rosen  (150)  found  that  the  dimerization  of  styrene  in  the 
presence  of  62%  sulphuric  acid  gave  only  l-methyl-3-phenylindane . 
Corson  and  coworkers  (151)  obtained  both  the  open  chain 
dimer,  1 , 3-diphenyl-l-butene ,  and  the  cyclic  dimer,  1-methyl- 
3-phenylindane ,  when  phosphoric  acid  was  used  as  a  catalyst 
in  the  dimerization  of  styrene.  Because  these  above  products 
are  not  found  and  the  only  major  product  that  formed  was 
1-phenyltetralin ,  acetic  acid  could  not  have  protonated 
styrene  and  thus  did  not  act  as  a  strong  acid  catalyst. 

The  most  likely  way  by  which  the  small  amount  of  1-phenyl¬ 
tetralin  could  have  formed  is  through  the  acetic  acid  catalysed 
isomerization  of  the  Diels-Alder  adduct,  formed  thermally 
between  two  molecules  of  styrene. 

Dimerization  of  indene  to  cyclobutadi- j  nderie  in 
refluxing  glacial  acetic  acid  solvent  might  (148)  be 
explained  by  the  formation  of  a  Diels-Alder  type  of  inter¬ 
mediate  between  two  molecules  of  indene  followed  by  thermal 
rearrangement  of  the  intermediate  to  cyclobutadi-inden^ . 

However,  the  function  of  acetic  acid  in  this  dimerization  is 


not  clear. 
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Cyclobutadi-inde'ne 


Pines  (147)  seemed  to  have  considered  a  radical 
mechanism  for  the  formation  of  dimers  but  rejected  it  on  the 
grounds  that  t-butylphenol  did  not  affect  the  rate  of  forma¬ 
tion  of  the  dimer  fraction  found  in  the  dimerization  of 
a-methylstyrene .  It  is  just  the  point,  that  the' Diels- 
Alder  adduct  formation  need  not  be  by  a  radical  path-way 
because  it  is  formed  thermally  by  a  synchronous  one  step 
mechanism. 

The  present  evidence  combined  with  Mayo's  findings 
(42,  146)  indicates  that  styrene  forms  thermally  a  Diels- 
Alder  type  of  intermediate  which  could  be  diverted  to  give 
rise  to  1-phenylt.etralin  as  a  major  product  in  the  potassium 
t-butoxide  catalysed  reaction  of  styrene. 

This  evidence  supports  the  mechanism  that  a  Diels- 
Alder  type  of  intermediate  formed  thermally  between  two 
molecules  of  styrene  is  involved  in  the  initiation  -otcp  of 
the  thermal  polymerization  of  styrene. 
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EXPERIMENT  AL 


1-Tetralone  (XLII) : 

This  was  prepared  according  to  the  method  described 
in  literature  (149).  y-Phenylbutyric  acid  (7.3  g)  preheated 
to  60-70°  was  added  in  one  lot  to  polyphosphoric  acid  (27  g) 
kept  at  90°  and  the  mixture  was  stirred  for  five  minutes. 

More  polyphosphoric  acid  (23  g)  heated  to  80°  was  'added  with 
stirring,  the  mixture  was  kept  at  80°  for  five  minutes  and 
then  allowed  to  cool  to  60°.  Ice-water  (100  ml)  was  added 
and  stirred  until  the  reaction  mixture  was  completely 
dispersed.  The  mixture  was  then  extracted  twice  with  ether 
(75  ml) .  The  ether  extract  was  washed  with  water,  5%  sodium 
hydroxide  solution,  saturated  sodium  chloride  solution, 
saturated  sodium  bicarbonate  solution  and  then  finally  dried 
with  anhydrous  sodium  sulphate.  The  solvent  was  evaporated 
and  the  residual  oil  was  distilled  through  a  12"  vigreaux  • 
column  to  yield  4.55  g  (69%)  of  XLII,  b.p.  88-90°  (1  mm) , 
reported  (149)b.p.  94-95°  (2-3  mm).  The  n.m.r.  spectrum 
(CCl^)  showed  peaks  at  x2-x3.0  (m) ,  x7.1  (t) ,  x7.49  (t)  and 
x7.9  (m) ,  ratio  4.0:2.1:1.98:1.98,  required  4:2:2:2. 

l-Phenyl-3 , 4-dihydronaphthalene  (XLIII) : 

To  a  solution  of  phenylmagnesium  bromide  in  ether 
(made  from  3.94  g,  0.025  mole  of  bromobenzene ,  0.6  g,  0.025  g 
atom  of  magnesium  metal  and  75  ml  of  dry  ether) ,  a  solution 
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of  XLII  (3.65  g)  in  dry  ether  (10  ml)  war  added  and  the  mix¬ 
ture  was  heated  under  reflux  for  one  hour  The  reaction 
mixture  was  cooled  and  hydrolysed  by  the  careful  addition 
of  6N  ammonium  chloride  solution  (25  ml) .  The  ether  layer 
was  separated  from  the  sludge,  the  sludge  was  washed  with 
fresh  portions  of  ether.  The  combined  ether  solutions  were 
evaporated  to  remove  the  solvent  and  the  residual  oil  was 
heate'd  for  one  hour  with  20%  sulphuric  acid  (10  ml)  .  The 
acid  layer  was  separated  and  extracted  with  ether.  The 
combined  organic  layer  and  the  ether  extract  were  heated  to 
remove  the  solvent.  The  residual  yellow  liquid  was  distilled 
through  a  12"  vigreaux  column  to  yield  2.0  g  (50%)  of  XLIII, 
b.p.  158-160°  (5  mm),  reported  (147)  b.p.  175-176°  (10  mm).  The 

n.m.r.  spectrum  (CCl^)  showed  peaks  at  t2.75  (s)  ,'  t2.98  (m)  , 
t4.01  (t)  (J  =  4.5  cps)  ,  x7.21  (  t)  and  x7.63  (m)  ,  ratio 
5.0:4.0:1.06:2.06:2.06,  required  5:4:1:2:2. 

1-Phenyltetralin  (XLIV) : 

Two  grams  of  XLIII  was  hydrogenated  in  ethyl 

acetate  (10  ml)  over  5%  palladium-charcoal  catalyst  (0.1  g) 

at  10  p.s.i.  at  room  temperature.  Filtration,  removal  of  the 

solvent  and  distillation  of  the  residual  oil  yielded  1.0  g 

29 

of  XLIV,  b.p.  154-156°  (5  mm),  nD  =  1.5875,  reported  (147) 

20 

b.p.  167-168°  (10  mm),  nD  =  1.5925.  The  product  was  found 
to  be  about  95%  pure  by  g.l.c.  analysis  (SF  96  column,  150°). 
^he  n.m.r.  spectrum  (CC14)  showed  peaks  at  t2.7-t3.4  (m)  , 
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t5.97  (t)  ,  t7.18  (t)  and  x8.13  (m)  ,  ratio  9.1:0.97:2.0:1.0, 
required  9: 1:2:4. 

Dimerization  of  styrene  in  the  presence  of  potassium  t- 
butoxide : 

Potassium  t-butoxide: 

Potassium  metal  (4.0  g)  and  dry  t-butyl  alcohol 
(100  ml)  were  heated  under  reflux  till  all  the  metal  had 
dissolved.  The  excess  alcohol  was  aspirated  off  and  the 
potassium  t-butoxide  was  kept  under  vacuum  (10  mm)  on  steam 
bath  for  one  hour. 

Dimerization  of  styrene: 

Purified  styrene  (208  g)  and  potassium  t-butoxide 
(7.4  g)  were  heated  under  reflux  (138-140°)  in  an  atmosphere 
of  nitrogen  for  twenty-four  hours.  The  unreacted  styrene  was 
flash  distilled  under  vacuum  on  a  steam  bath.  The  recovered 
styrene  weighed  119  g  (55.3%).  The  yellow  thick  residual 
oil  '<95  g)  was  dissolved  in  benzene  and  the  polymer  was 
precipitated  with  methanol.  The  clear  layer  of  solvents 
was  drained  and  the  precipitated  polymer  was  kneaded  with 
fresh  portions  of  methanol  and  drained.  The  combined  drained 
solutions  were  evaporated  under  vacuum  to  remove  the  solvents. 
The  residual  oil  was  diluted  with  ether.  Some  solid  material 
separated  which  was  filtered.  The  filtrate  was  evaporated  to 
remove  the  ether  and  the  residual  oil  was  fractionally 
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distilled  under  vacuum  (8-9  mm)  to  collect  the  following 
fractions 


Fraction 

b.p. 

weight 

(i) 

140-152° 

0.5  g 

(ii) 

154-156° 

2.0  g 

(iii) 

161-163° 

8.5  g 

The  g.l.c.  analysis  (SF  96  column,  180°)  indicated  that 
.fraction  (ii)  was  93%  1-phenyltetralin  and  fraction  (iii) 
was  97%  1-phenyltetralin,  by  comparing  with  an  authentic 
sample  of  1-phenyltetralin.  The-n.m.r.  spectrum  (CCl^) , 
infrared  spectrum  (neat)  and  -the  g.l.c.  retention  times 
matched  exactly  with  those  of  XLIV.  Total  yield  of  dimer 
which  was  identified  as  XLIV  was  12%  on  the  basis  of  styrene 
reacted . 

Dimerization  of  styrene  in  glacial  acetic  acid: 

A  mixture  of  purified  styrene  (208  g)  and  glacial 
acetic  acid  (208  g)  was  heated  under  reflux  for  twenty-four 
hours  in  an  atmosphere  of  nitrogen.  After  this  period  the 
unreacted  styrene  and  the  acetic  acid  were  flash  distilled 
under  vacuum  on  a  steam  bath.  The  residual  yellow  oil  was 
worked  up  in  a  similar  manner  as  in  the  previous  case.  A 
main  dimer  fraction  of  2.7  g,  b.p.  130-132°  (2-3  mm)  was 
collected.  The  g.l.c.  analysis  (SF  96  column,  180°)  indicated 
that  it  was  93%  1-phenyltetralin.  The  main  constituent  of 
the  fraction  compared  very  well  with  the  dimer  fraction 
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obtaiiied  in  the  earlier  case  and  was  identified  as  1-phenyl- 
tetralin  (n.m.r.,  infrared  spectra  compared  favourably  with 
that  of  an  authentic  sample  of  1-phenyltetralin) . 

Thermal  reaction  on  styrene 

Purified  styrene  (100  g)  was  heated  under  reflux  in  an 
atmosphere  of  nitrogen.  In  about  three  hours  the  whole 
reaction  mixture  'turned  into  a  thick  paste.  Flas'h  distilla¬ 
tion  of  the  polymer  solution  under  vacuum  gave  about  15  g  of 
styrene.  The  polymeric  residue  was  worked  up  in  a  similar 
manner  as  in  the  case  of  the  dimerization  experiments.  A 
very  small  amount  of  oily  substance  was  obtained.  The  g.l.c. 
analysis  (SF  96  column  temp.  180°)  indicated  that  the  oily 
substance  was  mainly  about  95%  1-phenyltetralin  by  the 
comparison  of  retention  times  with  an  authentic  sample  of 
1-phenyltetralin.  The  sample  was  insufficient  and  further 
spectral  analysis  was  not  carried  out. 

Rate  of  polymerization  of  styrene  in  the  presence  of  potassium 

t-butoxide : 

The  rate  of  polymerization  of  styrene  in  the  presence 
of  potassium  t-butoxide  was  followed  by  dilatometric  method, 
the  details  of  which  were  given  in  Chapter  1.  The  rate  data 
is  given  in  Table  XXVII.  A  plot  of  absolute  decrease  in  the 
meniscus  height  in  the  capillary  versus  absolute  time  is 


given  in  the  Figure  15. 
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CHAPTER  IV 

SUMMARY  OF  RESULTS  AND  CONCLUSIONS  ' 

The  mechanism  of  the  third-order  initiation  step 
in  the  thermal  polymerization  of  styrene  was  examined. 

Evidence  was  sought  to  decide  whether  a  Diels-Alder  type 
of  intermediate  or  a  1 , 4-diphenylbutadiyl  diradical 
intermediate  is  involved  as  the  binary  association  product 
between  two  molecules  of  styrene.  This  was  done  by  the  study 
of  deuterium  kinetic  isotope  effects  in  the  polymerization 
reaction  of  styrene.  Indirect  evidence  was  sought  to  establish 
the  existence  of  either  of  the  intermediates.  The  results 
of  the  present  woik  are  summarized  and  conclusions  are  drawn. 

1.  A  primary  kinetic  isotope  effect  of  2.05  -  2.09  was 
observed  in  the  case  of  the  styrene-o  ,o '  -6-2  system. 

2.  The  styrene  recovered  from  the  thermally  polymerized 
trans-styrene-2-d  did  not  contain  any  cis- styrene- 2d. 

3.  Authentic  1 , 4-diphenylbutadiyl  diradicals  were  found  to 
be  inefficient  initiators  in  the  polymerization  reaction 
of  styrene.  1 , 4-Diphenylbutadiyl  diradicals  cyciize 

to  form  1 , 2-diphenylcyclobutanes  rather  than  react 
with  styrene. 

The  dimer  fraction  isolated  from  styrene  polymerized 
in  the  presence  of  potassium  t-butoxide  cor^i sted  mainly 
of  1-phenyltetralin  and  very  little,  if  any,  of  cis- 
1 , 2-diphenylcyclobutane. 


4. 
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All  the  above  results  put  together  give  evidence, 
which  weighs  more  towards  the  choice  of  a  Diels-Alder  type 
of  intermediate  than  a  1 , 4-diphenylbutadiyl  diradical  inter¬ 
mediate  . 

It  is  concluded  that  Mechanism  III,  involving  a 
Diels-Alder  type  of  intermediate,  is  preferred  for  a  third- 
order  initiation  step  in  the  thermal  polymerization  of 
styrene . 


Mechanism  III 

Walling  (54)  suggested  that  a  third-order  initia¬ 
tion  step  may  not  be  necessary  for  the  formation  of  two 
monoradicals  and  the  following  'energetically  feasible 
(AH  <  20  keal.)  bimolecular  initiation  process'  could 
produce  two  monoradicals. 


’  .. 
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But  this  process  requires  much  more  energy  than  that 

assumed  by  Walling  (see  APPENDIX  III)  and  much  higher  than 

the  observed  activation  energy  (E  =28.9  kcal./mole  (42)) 

a 

for  the  thermal  initiation  reaction  of  styrene. 

The  thermal  initiation  processes  considered  here 
viz .  Mechanisms  I,  II,  and  III  are  energetically  feasible 
and  the  calculated  AH:s  for  these  are  within  the  observed 
activation  energy  (E  =  28.9  kcal./mole)  (see  APPENDIX  III). 

On  the  basis  of  the  present  evidence.  Mechanism 
I  and  II  are  ruled  out  and  it  is  concluded  that  Mechanism 
III  is  consistent  with  the  results  of  the  present  work. 

The  initiation  process  as  required  in  Mechanism  III  is  an 
extremely  improbable  process  and  will  have  a  large  negative 
value  for  entropy  of  activation.  The  calculated  value  of 

JL  C 

AS  =  -30  e.u.  (calculated  from  Mayo's  data,  k^  =  1.32  x  10 

-28900 

RT 

e  )  is  consistent  with  such  a  process. 

The  polynuclear  thermal  initiation  process  for 
styrene  might  be  feasible  due  to  the  production  of  highly 
resonance  stabilized  benzylic  radicals  and  is  probably 
significant  and  singular  of  styrene  and  very  few  other 


monomers . 


. 
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APPENDIX  I 

Calculation  of  the  deuterium  kinetic  isotope  effect  in  the 
metalation  reaction  of  N ,N-dimethvl- (1-phenylethyl) -amine- 

o-d1 (XXIII) . 


The  d-^-amine,  XXIII,  was  subjected  to  the  metalation 
and  deuteration  sequence  to  obtain  N , N-dimethyl- ( 1-phenyl- 
ethyi) -amine-0,0 ' -d^  (XXIV). 

The  mass  spectral  analyses  of  the  amines  before 
and  after  the  reactions  are  indicated  below: 

XXIII  *  XXIV 


dQ-amine 

d^-amine 

d2~amine 


5  mole  percent 
93  mole  percent 
2  mole  percent 


2  mole  percent. 
28  mole  percent 
70  mole  percent 


The  reaction  sequences  for  the  metalation  and  deuteration 
steps  can  be  written  as 


© 


(excess ) 


D2O  (excess) 


D 


N(CH3) 


+  MOD 


XXIV 


. » 
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N(CH-)9  a 

3  2  +  B0M 


D 

slow 
(excess ) 


+  d2o 


(excess ) 


(where  ku  and  k_  are  rate  constants  for  abstraction  of  a 

n  U 

proton  and  deutron  respectively,  -  is  n~C^H®Li) .  The 

reaction  of  the  intermediate  with  is  very  fast  as  compared  with  tJ 

with  the  proton  abstraction  process.  One  can  write: 


Yield  of  d2~amine 
Yield  of  d^-amine 


From  the  analysis  of  the  starting  amine-  and  the  final 
amine  after  reaction.  It  can  be  seen  that  68  mole  percent 
diamine  and  25  mole  percent  of  d^-amine  resulted  from  93 
mole  percent  of  d^-amine. 

Substituting  these  values  for  the  yields  of  di¬ 
amine  and  d^-amine  respectively, 


k  [XXIII] [B  fi] 
ri 

kDtXXIII] [B_fi] 
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APPENDIX  II 

Isomerization  of  trans- styrene- 2d  to  the  c i s- styrene- 2 -d 


through  the  hypothetical  1 , 4-diphenylbutadiyl  diradical: 


Consider  the  reaction  scheme  for  the  third-order 
initiation  step  for  the  thermal  polymerization  of  styrene 
involving  a  1 , 4-diphenylbutadiyl  diradical  intermediate 


S  +  S 


-1 


-t  D.R 
|\ 

S 


Very  fast 


S  +  S '  ^ - —  D.R' 


D.R  or  D.R'  +  S  - >  two  monoradicals 

slow 


where  S 
S' 
D.R 
D.R' 

Since  the 
It  can  be 


=  trans -styrene- 2 -d 
=  cis -styrene- 2 -d 
=  diradical 

=  diradical  involving  bond  rotation, 
bond  rotation  is  very  fast  [D.R]  =  [D.R]1. 
shown  that 


d  [monoradicals] 
dt 


=  k2 [D.R] [S] 


The  rate  of  thermal  initiation  =  the  rate  of  formation  of 

monoradicals 

kiS3  =  k2 [D.R]  [S] 


. 
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where  k^  is  the  overall  thermal  initiation  race  constant 


d[s'] 

dt 


k_1 [D. R' ] 


(other  terms  involving  k^  are  neglected,  since  k^  is  much 
smaller  than  k  . 

-  i 

The  diradical,  D.R',  is  partitioned  with  k_-^  step  to  form 
s',  and  with  k^  step  to  form  monoradicals.  One  can  write 


Rate 

of 

S'  formation 

Rate  of  S ' 

formation 

Rate 

of 

initiation 

Rate  of  monoradical  formation 

k_±  [D.R'  ] 

k-i 

• 

k2  [D.R]  [S] 

k2[S] 

Rate  of  S'  formation 
k.[S]  3 


'-1 


k2[S] 


If  k_,  =  103  k  [S] 


Rate  of  S'  formation 

kps]  3 


103 


k..  at  70°  is  calculated  from  Mayo's  data  (42)  to  be  equal 

»7  -1  ,  -1 

to  1.13  x  10  '  mole  &  hr. 


Rate  of  S'  formation 


103  x  1.13  x  10  7  x  565 
-2  -1 

6.38  x  10  moles  £  hr. 


This  rate  amounts  to  about  13.25%  cis-styrene-2-d  formation 
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in  17  hrs.  This  is  a  minimum  estimate  and  actually  k  ^ 

3 

could  be  much  greater  than  10  k^IS]. 

On  this  basis  one  should  have  observed  considerable 
enrichment  of  cis-styrene-2-d  in  the  styrene  recovered  from 
thermally  polymerised  trans-styrene-2-d . 


I 


i.  .J  * 
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APPLNDIX  TII 


Calculation  of  AH  for  the  various  thermal  initiation  processes: 

1.  Walling's  (54)  bimolecular  initiation  process 


2  C.HcCH=CHn  -*  C.HcC=CHn  +  C.HcCHCH0 
65  2  65  2  65  3 

AH  kcal. 


C(CH[-CH=CH0 
6  5  2 

-> 

C/rHc--C=CH0  +  H  • 

6  5  2 

+103 

C  <rHI_CH=CH„ 

6  b  2 

+  h2  - 

C^H-CH^CH- 
6  5  2  3 

-  27.7 

C.HcCH0CH0 

6  5  2  3 

• 

C.HcCHCH0  +  H  • 

6  5  3 

+  85 

2H  *  -> 

H2 

-104.2 

2  C.HcCH=CH0  -* 
6  b  2 


CzrHcC=CH„  +  C^Hj-CHCH- 
6  5  2  6  5  3 


+  56.1  kcal. 


2.  Mechanism  I 

•  • 

2  C.HcCH=CH0 +  C.HcCH-CH0CH_CHC.Hc 
65  2  65  22  65 

•  •  • 

C6H5CHCH2CH2CHC6H5  +  C6H5CH=CH2  +  C6H5CH=CHCH2CHC6H5 

+  C.HcCHCH0 


1st  step 

API  kcal 

2  C6H5CH=CH2  +  2H2 

->■ 

2  C^Hj-CH^CH^ 

6  5  2  3 

-2x27.7 

2  C.Hc;CH0CH^ 

6  5  2  3 

-V 

2  C^Hr.CH0CH0  •  +  .2H- 
o  5  2  2 

+  2x98 

2  C<-HcCH~CH  * 

6  5  2  2 

'v:jtCH0CH0cH0CH0c,;Fc- 
65  2  2  2  265 

-85 

C6H5CH2CH2CH2CH2C6H5 

C  H  CHCH  CH  CHC  H  +  2H 

6  5  2  2  6  5 

+2x85 

-230- 


4H  •  ->  2H2 


-2x104.2 


2  C(CHcCH=CH0 

DO  2 


C.HcCHCH-CH~CHC.H_  +17.2  kcal. 
6  5  2  2  6  5 


2nd  step 

H  kcal 

C ,H_CH=CH-  +  H- 

->  C -H_CH- CH_ 

-27.7 

6  5  2  2 

6  5  2  3 

CrHcCH0CH0 

6  5  2  3 

• 

->  C^H-CHCH-  +  H- 
6  5  3 

+  85 

•  • 

C/rHcCHCH0CH.CHCrHc: 

6  5  2  2  6  5 

• 

->  C  ,HcCH=CHCHnCHC -  Hc 
6  5  2  6  5 

+  H-  +39 

2H*  +  H2  -104.2 


C.HcCH=CH-  +  C^H-CHCH-CH^CHC -H-  +  C cHcCHCH0CH=CHC ,HC 
65  2  65  2265  65  2  65 

+  CrHcCHCH^  -7.9  kcal. 


3. 


Mechanism  II 

•  • 

2  C-HcCH=CH-  $  C-H..CHCH-CH-CHC-H.- 
65  2  65  22  65 

•  ® 

CrHcCHCH0CH-CHC-Hc  +  C.,HcCH=CH- 
65  22  65  65  2 

•  • 

+  C^HcCH-CH-CH-CHC-H..  +  C.HcC=CH. 
65222  65  65  2 

1st  step  AH  =  +17.2  kcal. 


2nd  step 

AH  kcal 

• 

C.HcCH=CH- 
6  5  2 

->  C rHcC=CH-  +  H- 
6  5  2 

+  103 

•  • 

C<rHcCHCH0CH-CHC.H[_  +  H- 
6  5  2  2  6  5 

• 

->  C-H-CH-CH-CH-CHC^H,- 
6  5  2  2  2  6  5 

-85 

C  H  CHCH  CH  CHC  H  +  C  H  CH=CH  * 
65  22  65  65  2 


C  H  C=CH 
6  o  2 

+  C  H  CH  CH  CH  CHC  H 
6  5  2  2  2  6  5 


+18  kcal 


« 
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4.  Mechanism  III 


-67 


-232- 


2nd  step 


AH  kcal. 

+  H*  (+91-36-13) =+42 


C.HcCH=CHn 

6  5  2 

+  H2 

C^Hr-CH^CH-, 

6  5  2  3 

-27.7 

CcHcCH0CH0 

6  5  2  3 

• 

+  C.HcCH-CH0  +  H‘ 

6  5  3 

+  85 

2H* 

*  H2 

-104. 
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